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ABSTRACT
The present work comprises a theoretical and 
experimental study of nucleate pool boiling with particular 
reference to the effects of varying the inclination of 
heated surface. Distilled water is used as the boiling 
liquid and is maintained at atmospheric pressure throughout. 
An electrically heated metallic ribbon forms the boiling 
surface.
Typical boiling curves are constructed for each 
inclination of the heated surface to provide a comparison 
of rates of energy exchange. Pool boiling heat transfer 
mechanisms are examined by considering convection cooling, 
latent heat transport, liquid temperature gradients, 
nucleation site density, and the incipient temperature 
requirements for boiling. The Rohsenow heat transfer 
correlation is extended to enable boiling heat transfer 
data to be correlated for all inclinations of the heated 
surface.
An investigation of vapour bubble dynamics is 
made using high speed cinematography. Waiting period, 
initial bubble radius, growth and departure of vapour bubbles 
on the heated surface are examined for a range of heated 
surface inclinations. Theoretical models are developed to 
predict the above phenomena, and the results are found com­
parable with those obtained experimentally.
Ill
The inclination of the heated surface is 
found to be an important, yet often neglected, parameter 
in the analysis of nucleate pool boiling.
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NOMENCLATURE
A Area of boiling surface (cm2)
Ac Apparent bubble contact area (cm 2)
^TL Bubble thermal layer area (cm 2)
a Thermal diffusivity (m 2/hr)
ax , & 2 Bubble dimensions (mm)
B Slope of boiling curve
b Distance from insulated face 
of ribbon, Figure A10.1 (mm)
Cj rC 2rC3 rC* Constants
CD Drag Coefficient
CP Specific heat (J/Kg °K)
Csf Empirical constant
Dj, D 2 Constants
Db Bubble departure diameter (mm)
E »'E 2'E 3 Constants, Table A7.1
Es Shutter exposure ratio
Et Exposure time (seconds)
EXP Exponential
e Extension tube length (mm)
F Aperture of lens
Fe Effective aperture
VI
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f Bubble departure frequency (seconds l)
Focal length of lens (mm)
G Mass velocity per unit area (g/second cm2)
S p g 2 Constants
g Gravitational acceleration (m/second 2)
gc Gravitational constant (mKg/N second 2)
h Convective heat transfer 
coefficient (watts/m2 °K)
h .fg Specific heat of vaporisation (J/Kg °K)
i Integrating factor
J 2 Constants ♦
K Constant
Kl, k 2 Area factors
k Thermal conductivity (watts/m °K)
L Length of heated ribbon (cm)
l Thickness of heated ribbon (mm)
Mg Mass of permanent gas (grammes)
m Magnification of photographs
N Number of active nucléation 
sites
n b Buoyant force (Newtons)
Convection current drag 
force
Bubble growth inertia force 
Pressure force 
Surface tension force 
Nusselt number 
Nucleation site density 
Pressure
Partial pressure of permanent 
gas
Prandtl number
Heat absorbed in a bubble
Heat flow rate
Heat source strength
Heat absorbed by vaporisation
Bubble radius
Bubble radius, Figure 4.2
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Nucleation cavity radius
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Gas constant
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VIII
Bubble shape factor 
Constant 
Temperature 
Excess temperature 
Time
Bubble growth period 
Bubble waiting period 
Convection current velocity 
Radial liquid velocity 
Volume of vapour bubbles 
Specific volume
Variables defined in Appendix 2
Distance from superheated 
liquid layer
Distance from heating surface
Time parameter
Bubble contact angle
Superheated liquid layer 
thickness
Boiling surface inclination 
Dynamic viscosity 
Kinematic viscosity 
Density
(°C)
(°c;
(seconds)
(milli-seconds)
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(m/second)
(m/second)
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(m3/Kg)
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Heat flux due to latent heat 
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Araldite
Vapour bubble
Bubble departure
Initial conditions
Insulated face of heated ribbon
Liquid
Nichrome V
Vapour-liquid interface 
Saturation (temperature) 
Superheated liquid layer 
Vapour
Boiling surface 
Bulk liquid
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SECTION 1
INTRODUCTION
Nucleate boiling has long been of interest to 
the engineer for its application in steam generation, 
refrigeration, air conditioning, electrical power 
generation and chemical processing. The introduction 
of engineering systems requiring extremely high rates of 
heat transfer for cooling purposes has prompted renewed 
interest in this phenomenon. For example, jet aircraft 
engines, rocket engines and nuclear reactors develop quan­
tities of heat so intense that nucleate boiling is the 
only heat transfer mechanism capable of providing effective 
cooling.
Because of its complex nature, nucleate boiling 
is not as yet understood to a degree where an adequate 
analytical method is available to predict nucleate boiling 
heat transfer properties. This is due in part to the 
large number of variables involved, including the liquid 
properties of temperature, density, thermal conductivity, 
specific heat, latent heat of evaporation, pressure, vis­
cosity, expansivity and surface tension; along with the 
boiling surface properties of temperature, roughness, ageing, 
specific heat, thermal conductivity and wettability. The 
large number of variables has prevented a complete theoreti­
cal analysis from being developed to predict the heat trans­
fer properties, although considerable progress has been 
made in the development of empirical relations to correlate
2
experimental data*
In the present study, the effects of yet another 
variable on boiling heat transfer, viz. the angular inclina­
tion of the boiling surface, is investigated. The boiling 
surface inclination has been rarely mentioned in the
Z9**!
literature; mostyjboiling research has been conducted on 
horizontal heated surfaces facing upwards, while occasionally 
vertical orientations have been used.
One of the objects of the present investigation 
is to determine what effect, if any, boiling surface in­
clination has on the heat transfer mechanisms of nucleate 
pool boiling.
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FIG. 21 Typical Boiling Curve For Water at 
Atmospheric Pressure (Ref. I).
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SECTION 2
POOL BOILING
2,1, The Regimes of Boiling
Pool boiling, the boiling of a stagnant pool 
of liquid, is subdivided into three regimes according to 
the principle modes of heat transfer. The regimes are 
best described by considering a typical boiling curve for 
water, Figure 2.1, Reference 1.
If a heated surface submerged in water is main­
tained at a temperature no more than a few degrees above 
the saturation temperature, heat is transferred by pure 
convection. Under these conditions, superheated liquid 
rises to the free liquid surface where evaporation may 
take placej however, there is no vapour in contact with 
the heated surface.
When the heating surface temperature, T , isw
increased beyond the incipience of boiling at point A,
Figure 2.1, superheated liquid is transformed to vapour 
about a number of nuclei on the heating surface. The 
boiling range A to B is termed the nucleate or bubble regime 
of boiling.
For heating surface temperatures in the range 
B to C, an unstable heat transfer mechanism prevails, where 
the heating surface is periodically covered with vapour.
4
This region is termed the transition or unstable film 
boiling regime and is subject to very violent vapour 
motion.
In the third region, beyond C, water vapour 
permanently blankets the heating surface from the bulk 
liquid and is termed the film boiling regime.
2.2. Nucleate Pool Boiling
The nucleate boiling regime has the boiling 
heat transfer mechanism of most interest to the engineer.
It is within this regime that very large rates of heat 
transfer can be achieved with relatively low heating sur­
face temperatures.
When vapour is generated on the boiling surface 
the bubbles may grow for a short time and then condense 
in the cooler bulk liquid? they may grow, depart from the 
surface and finally condense as they rise through the liquid? 
or, if larger surface temperatures are used and the liquid 
is at saturation temperature, bubbles will grow, depart, 
and rise to the free liquid surface.
If the heating surface temperature is increased 
in the bubble regime, the number of bubbles forming per 
unit heated surface area, i.e. the nucléation site density 
increases, and the number of bubbles leaving a site per 
unit time, bubble departure frequency, also increases.
Both of these effects increase the rate of heat transfer
5
from the surface, Section 3.1, For heating surface 
temperatures approaching B, Figure 2,1, the departing 
bubbles join to form continuous columns of vapour or 
vapour mushrooms which rise to the liquid surface, 
Reference 2.
2.3. Transition Boiling
Within the transition boiling regime there are 
no active nucleation sites. A vapour film is found over 
the entire heating surface and experiences a violent 
oscillatory motion. Vapour is generated in sudden bursts 
over small areas and grows until a portion breaks away 
from the remainder of the film. As cooler bulk liquid 
rushes towards the heated surface, the local surface tem­
perature falls. More vapour is then formed in a bursting 
action and the bulk liquid is again pushed away, causing 
the surface temperature to rise.
The transition boiling regime experiences rapid 
localised surface temperature fluctuations as the liquid 
film varies in thickness. As the heating surface temperature 
is increased, the vapour film increases in thickness and 
stability, Reference 3. The thicker vapour film dampens 
the bursting action of vapour generation and the process 
becomes more stable. In addition, the increased film 
thickness provides additional thermal insulation between 
the heated surface and the cooler bulk liquid. As a result 
the subsequent increase in surface temperature causes a
6
reduction in the rate of heat transfer into the liquid.
This transitional effect causes the drop in 
the boiling curve from points B to C, as shown in Figure 
2. 1.
2,4. Film Boiling
The film boiling regime is the most orderly of 
the three. A stable vapour film covers the entire heated 
surface and is subject to a slight rippling action. Vapour 
bubbles are found to simultaneously depart the film from a 
number of locations and rise side by side through the 
liquid, Reference 3. The size of departing bubbles in 
the film regime is generally larger than those for the 
nucleate regime.
Heat transfer across the vapour film is due 
primarily to radiation and to a lesser extent, conduction.
As the heating surface temperature is increased to several 
thousand degrees Celsius, heat transfer due to radiation 
increases rapidly. This effect is also noted on the boiling 
curve, Figure 2.1, where heat flux is seen to increase 
with surface temperature.
2.5. Boiling Crisis
If the heating surface temperature is increased 
within the nucleate regime, the number of bubbles on the 
surface increases. For temperatures approaching point B
7
on the boiling curve, the large quantity of vapour 
leaving the boiling surface restricts the inflow of 
cooler bulk liquid. At point B an optimum bubble packing 
occurs and vapour blanketing of the surface begins.
Thermal insulating of the heating surface pre­
vents any further increase in heat flux, Reference 4, a 
situation known as boiling crisis, and the corresponding 
heat flux is called the critical heat flux.
If heated surface temperature is the controlled 
parameter for the boiling equipment, an increase of surface 
temperature above point B will introduce unstable transi­
tion boiling. If the rate of heat transfer is the controlled 
parameter with heating surface temperature as the dependent 
parameter, Section 5.1, an increase in heat flux beyond 
the critical value will cause a rapid jump from point B 
to point D, Figure 2.1, on the boiling curve. This situa­
tion occurs because a heat flux greater than the critical 
value can only be accommodated within the film boiling 
regime. If the boiling surface material has a high melting 
point, a temperature jump of approximately 2000°C will 
occur and stable film boiling will emerge on the surface.
If the heated surface has a melting point below point D, 
localised melting or "burnout" will occur.
A similar phenomenon arises if the rate of heat 
transfer is reduced below point C for heat flux independent 
equipment. The lower heat transfer rate can only be accommo­
dated within the nucleate regime and a rapid temperature 
drop occurs from point C to point E, Reference 5.
Bulk Liquid
FIG. 31 Typical Nucléation Cavity.
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SECTION 3
NUCLEATE BOILING HEAT TRANSFER
3.1. Incipience of Boiling
It has long been established that nucléation 
in boiling takes place primarily within cavities in the 
heating surface which often have gas inclusions, References 
6, 7 and 8.
The vapour temperature required for incipience 
of boiling can be determined by considering hydrodynamic 
equilibrium across the vapour-liquid interface.
For the cavity of Figure 3.1. with permanent 
gas entrapped in the vapour region, the pressure difference 
across the interface is given by
(3.1)
If the interface curvature is assumed spherical
R — Rj — R 2 (3.2)
then
P + Pg (3.3)
assuming the vapour to behave as an ideal gas
Pg
M R TSL,,g, v
$ IT R 3
(3.4)
9
and then from equations (3.3) and (3.4)
Pv - P*
On M R T _  _ g g vR
3 IT R3
• • (3.5)
Introducing Clapeyron's Equation, Reference 9,
dP
dT fgT vfg
• • • •(3.6)
and considering the small temperature changes involved, 
it is assumed that, Reference 5, T = Tsat
and
vfg vv
SSLT Vfg
constant
Thus from equation (3.6)
p ’ Pp = =r v l T , v13.sat v
(T - T ’ v sat ....(3.7)
Combining equations (3.5) and (3.7) gives
£ slT . v  sat v
(T - T . ) v sat
2n M R T—  g g vR "
^ ir  R3
....(3.8)
fg
T . v  sat v
M Rg g
Jl -3 TT R3
= 22. + 213.R ....(3.9)
10
which is rearranged to give
Tsat +
2 a T , v _____sat v
h^ Rfg ___ (3.10)
1
3 M R T . V g g sat v
4 tr h- R3 fg
Equation (3.10) is the equilibrium equation 
for nucleation, it predicts the vapour temperature required 
for growth of a spherical vapour nucleus with radius of 
curvature R. For vapour temperatures below that predicted 
from equation (3.10), the nucleus would collapse.
If no gas is entrapped in the cavity, equation 
(3.10) reduces to
Tv Tsat +
2 O Tsat 
h - Rfg
VV ....(3.11)
3»2. Heat Transfer Mechanisms
Heat transfer in the nucleate boiling regime 
takes place at the bubble nucleating sites and over the 
intermediate, vapour-free areas. Convection and conduction 
form the principle modes of heat transport from boiling 
surface areas not covered with vapour, whereas the nuclea­
ting sites have several simultaneous heat transport mechanisms.
Heat transferred by vapour bubbles is best
TIME
FIG. 3-2 Temperature Fluctuations o 
the Boiling Surface.
11
described by considering the localised boiling surface 
temperature fluctuations experienced near a nucleating 
cavity. A typical graph for surface temperature versus 
time is shown in Figure 3.2, representing the boiling 
surface temperature variations near a nucleating site, 
References 10 and 11.
A vapour bubble growth cycle comprises two time 
intervals called the waiting and growth periods.
At point A of Figure 3.2, a vapour bubble has 
reached its maximum volume and departs from the heating 
surface. As the bubble rises, the volume previously 
occupied by vapour is replaced with bulk liquid at a lower 
temperature, which cools the surface to the temperature 
of point B. The continuous heating then raises the surface 
temperature until it has heated the adjacent liquid to a 
temperature sufficient for the incipience of boiling at 
point C. This temperature corresponds to that predicted 
in equation (3.10). The time interval A to C is called 
the bubble waiting period, t . It represents the time delay 
from when one bubble leaves the surface until the next 
bubble begins to grow.
Cooper and Lloyd, References 10 and 12, have 
shown that as a vapour bubble begins to grow, a rapid fall 
in surface temperature occurs due to the evaporation of a 
liquid microlayer at the base of the bubble. When evapora­
tion is complete, and the surface temperature is reduced 
to point D, the surface temperature again rises as the
12
vapour bubble grows to its maximum volume and departs from 
the surface at point A. The time interval from point C 
to point A represents the time in which vapour is growing 
at the cavity and is called the bubble growth period, t .
As vapour bubbles leave the boiling surface they 
carry with them the heat absorbed in the vaporisation 
process of the liquid-vapour interface. This energy trans­
port from the heating surface to the bulk liquid is called 
latent heat transport, and is examined further in Sections
3,4 and 6,8,
Hsu and Graham, Reference 13, have illustrated 
that a superheated layer of liquid surrounds the vapour 
bubble as it grows. As the bubble departs the surface, the 
thermal layer is removed to form an additional means of 
heat transfer.
In subcooled nucleate boiling, thermocapillarity 
effects have been observed to induce flow of hot liquid away 
from the boiling surface, Reference 14. This effect is most 
significant for highly subcooled boiling.
3.3. Heat Transfer Correlation for Nucleate Boiling
It is generally accepted that for nucleate boiling, 
most of the heat exchange is due to convection cooling which 
is enhanced by bubble agitation near the boiling surface. 
Jacob, Reference 15, has shown that most of the heat is 
transferred directly into the bulk liquid, and very little
13
is carried away by the departing bubbles. Therefore 
attempts to correlate heat-transfer data have followed the 
methods used in forced-convection turbulent flow, and a 
relation is sought of the form
N = N (R , Pr) --- (3.12)u u e r
3.3. 1. Reynolds Number
The Reynolds Number provides a measure of the 
agitation of the boiling system and so is based on vapour 
bubble properties.
G, D,
R = S— S. ___ (3.13)e V,
Assuming departing bubbles to be spherical, the 
mass velocity of bubbles per unit area, G^, is given by
Gk = g Dk)3pv f n ....(3.14)
The heat flux due to latent heat transport may be expressed 
as (Section 3.4)
lh * h
TT
fg 6 v f n (3.15)
Also it is found that latent heat transport varies propor­
tionally with the total rate of heat transfer, Reference 16,
so that
14
or
♦ -  C l  <J>£k . . . .  (3 . 16)
^ ~ C* (T **fg ° b 3pv ^  n • • • • i 3 * 1 7 )
6 Db 3pvf n “ cT^hT™ *...(3.18)1 fg
Combining equations (3.14) and (3.18),
AGb C. h .... (3.19)i fg
and substitution in equation (3.13) gives
<j> D.
Re,
ci ___ (3.20)fgH£
In a study of the departure of vapour bubbles from 
a boiling surface, an assumption that buoyancy and surface 
tension were the major forces, enabled Fritz, Reference 17, 
to obtain a relation for maximum bubble diameter.
D, = 0.0148 8b
2 g a
g(P£ - ___ (3.21)
Substitution of this equation in equation (3.20) gives 
the bubble Reynolds Number,
15
Re,b
C2 <j> 3
E7TTr7 .•..(3.22)
where c 2 is a constant.
3.3. 2. Prandtl Number
The Prandtl Number in pool boiling can be con 
sidered a measure of the thickness of the superheated 
layer and is therefore a liquid parameter.
Prl
vi .... (3.23)
3.3. 3. Nusselt Number
The Nusselt Number provides a measure of the 
rate of heat transfer and is given by
Nu
h D,
.... (3.24)
From the convective heat transfer coefficient
given by
h = — ....(3.25)
T'
the Nusselt number becomes
_ * °b 
■
Nu • • • •(3.26)
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Again, on substitution of equation (3,21) for 
the bubble departure diameter, the Nusselt number is 
given by
N%
0.0148 jig 
T '
• • • •(3.27)
Using the laws of dimensional analysis, it is 
found convenient to transform the Nusselt number to a 
modified form.
Nilb
Pre Reb
NUfa ....(3.28)
From equations (3.22), (3.23), (3.27) and (3.28) 
the transformed Nusselt number becomes
/N"b
C, c p t  T'
h.fg
.... (3.29)
where C 3 is a constant.
3.3. 4. Heat Transfer Correlation
The relation (3.12) can be written in the form
Nub = Csf (Reb>r (Pr£)S ....(3.30)
where the constants Cg ,̂ r and s are to be determined 
experimentally•
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Substitution of equations (3.22), (3.23) and 
(3.29) into (3.30) yields the heat transfer correlation
cp£ t ' — P ♦ <3n a h\ r h isf [hfg vt
c
hfg g(P£ - Pv) l /
.... (3.31)
Equation (3.31) is the Rohrenow Heat Transfer 
Correlation for Nucleate Boiling, Reference 18. The values 
of r and s recommended by Rohrenow are 0.33 and 1.7 respec­
tively, and Cg£ is dependent on the liquid-heating surface 
combination.
Values have been determined by others, of Cg^ and 
r for a horizontal heating surface and under varying boiling 
conditions. A list is included in Table 6.1, while the 
correlation is extended in section 6.5 to be general, and 
useful for all inclinations of the boiling surface.
3.4. Latent Heat Transport
The heat removed from the boiling surface by 
evaporation of liquid to form vapour bubbles is called 
latent heat transport.
The latent heat absorbed by a single vapour bubble 
is given by
Q hfg pv vb • • • •(3.32)
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The average time between departing bubbles is 
the sum of the waiting and growth periods, and so the heat 
flow rate due to latent heat transport from a single 
nucleating cavity is given by
q£h
h, P V, fg v b .. (3.33)t + t w g
• •
or
q£h =
ir . 3 'T h- p D, 3 
6 fg v b ••(3.34)t + t w g
• •
For a boiling surface with nucléation site density
n, the heat flux due to latent heat transport is
ii•e-
ÏÏ , _N 3-r h,. p D, 3 n 
6 fg v b ..(3.35)t + t w g
• •
Bulk Liquid
Superheated
FIG. 41 Bubble Waiting Period Model.
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SECTION 4
VAPOUR BUBBLE DYNAMICS 
4,1* Waiting Period
The vapour bubble waiting period can be determined 
from consideration of the transient heat conduction into 
the boiling liquid, together with the incipience criterion 
of Section 3,1.
As one vapour bubble leaves the heated surface, the 
volume previously occupied by vapour is filled with cooler 
bulk liquid, A finite time is required for this liquid 
surrounding a vapour nucleus to rise to the same temperature 
as the contained vapour. When this occurs, the vapour 
nucleus again begins to grow. This time required for liquid 
surrounding a vapour nucleus to rise from temperature Tw 
to temperature T^, given by equation 3.11, is called the 
waiting period. The waiting period model is illustrated in 
Figure 4.1.
Heat transferred from the heating surface into 
the bulk liquid may be determined from the Fourier equation 
with appropriate boundary conditions.
For pool boiling the heated surface is covered 
with a superheated liquid layer of thickness 6 , References 
13, 19 and Appendix 1. Beyond the superheated layer eddy 
diffusivity is sufficient to maintain the liquid at the bulk 
liquid temperature, T^ .
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The boundary conditions are therefore as follows
1. Initially, liquid near the nucleating site is at the 
bulk liquid temperature.
2. Liquid temperature at the superheated liquid layer 
boundary, x = o, is equal to the bulk liquid temperature.
3. The temperature gradient at the boiling surface is 
given by
3T
3x
w
k
x=<5 ___ (A1.6)
The Fourier equation with boundary conditions can 
therefore be written
3T 
31 a
3 *T
2x 2
T (0, 6 ) = T 
T (t, 0) = T ^
. (4.1)
Equation (4.1), with similar boundary conditions, 
has been solved for problems involving heat conduction in 
solids by Carslaw and Jaegar, Reference 20. Using their 
general solution and inserting the above, the solution becomes
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x
T +
00
2 4>w (at) ** 
k
00
1
n=o (-1)
n i e r f c (2n+l)6-x 
2 (at) 35
- ierfc (2n+l) 6+x 
2 (at) 15
--- (4.2)
where ierfc is the integral of the complementary error 
function, and is calculated by a method outlined in Appendix 2.
when
The w a i t i n g  p e r i o d  e n d s ,  an d  b u b b le  g ro w th  b e g in s
x=xIN
Tv • • • •(4.3)
Simultaneous solution of equations (3.11), (4.2)
and (4.3) enables the waiting period to be calculated, using
values of R_XT and xTXT, determined from high speed films of IN IN
the boiling process. It is found in the experimental in­
vestigation of Section 8 that vapour bubbles are initially 
hemispherical, so that
xTVr = 6 — R_.. ....(4.4)IN IN
A computer programme has been developed in the 
Forgo S* language for use on the I.B.M. 1620 computer to 
determine the waiting period. This programme and a typical 
output is included in Appendix 3.
4.2. Initial Bubble Growth
D u rin g  t h e  e a r l y  s t a g e s  o f  v a p o u r  b u b b le  g r o w th ,  
s u r f a c e  t e n s i o n  o v e r  t h e  v a p o u r  l i q u i d  i n t e r f a c e ,  a n d  i n e r t i a
Bulk Liquid
Pressure » PJR) Pressure * P (®)
FIG. 4-2 Initial Bubble Growth Model.
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of the surrounding bulk liquid, together control the growth 
process. In the first study of bubble dynamics, Lord Rayleigh, 
Reference 21, considered a vapour bubble to be spherical in 
an infinite incompressible and inviscid liquid. The resulting 
equation of motion of the liquid, Figure 4.2. is given by
gC
/u 3u'3R/
3P
3R7 ___(4.5)
and the equation of continuity by
1  3
(R7T2 Tr' (r') 2 u' 0 ....(4.6)
Integrating from the liquid-vapour interface of
radius R and velocity dR into the liquid of radius R/ and 
/ dtvelocity u' gives
/u dR (R d t  \R/ .... (4.7)
Now if dRdt = R and
d ZR 
d t 2
R
then
t3u _ R R 2 + 2 R R 2 .... (4.8)3t (r ") 2 (R') 2
and
3u/
•
-2 R R 2 ....(4.9)3r (r ' ) 3
On substitution of equations (4.8) and (4.9) into
equation (4.5)
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P
g
i
c
R R 2 + 2 R R 2
(R7 ) 2 ( R ' ) 2
2 R** R 2 
(R7 ) 5
-3P
dR' ___ (4.10)
Integration of equation (4.10) from the vapour 
liquid interface with pressure (R) to infinity with 
pressure P^ (») gives
n (R R 2 + 2 R R 2) 2 RH R 2 - 1/ \ »♦4 (R )
R
= P£ (R)-P£ (°o)
___ (4.11)
or
P p .. • •—  (R R + 2 R 2 - % R 2) = P»(R)- P. (“) .... (4.12)
therefore
^  (R R + | R 2) = P^(R) - P£ (<*>) ....(4.13)
Equation (4.13) is commonly called the Rayleigh 
Equation, where P^(R) is the liquid pressure at the interface, 
and P^i») is the bulk liquid pressure at a great distance.
By considering the interface pressure difference due 
to inert gas inclusion and surface tension, Equation (3.3) can
be rewritten
TABLE 4.1
I n i t i a l  G r o w th  o f  V a p o u r  B u b b le s
TIME RADIUS (miHi-metres)
(Micro­
Seconds)
Equation
(4.13)
Equation
(4.16)
Equation
(4.17)
0 0.24 0.24 0.24
25 1.49 1.47 1.47
50 2.87 2.85 2.84
75 4.25 4.23 4.22
1 0 0 5.63 5.61 5.59
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Pg + Pv " P* (R)
2a
R .... (4.14)
or
P£ (R) - P4 C) = pg + Pv - P£ (») - f- ....(4.15)
Substitution of Equation (4.15) into (4.14) gives 
a modified Rayleigh Equation,
(R R + I R a) = Pg + Pv - P£ (<°) - £2. --- (4.16)
A further development can be made on the Rayleigh 
Equation, by considering the interface pressure difference 
due to liquid viscosity. The resulting equation is given 
as, Reference 22,
lL
gc
R R + + 4 v R R Pg + PV " *1(00)
2 a
TT
• • • •(4.17)
The initial bubble growth equations, (4.13), (4.16) 
and (4.17) have been solved numerically using a seven term 
Taylor series expansion. Three computor programmes are 
written in the FAP language and listed in Appendices 4, 5 
and 6 . They include typical outputs for the boiling of water 
at 100°C and atmospheric pressure on a heated surface at 103°C. 
Part of the data is summarised in Table 4.1 to illustrate the 
retardation of bubble growth due to surface tension and liquid 
viscosity.
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Two points are noted with regard to equations 
(4.13), (4.16) and (4.17). Firstly, the initial growth 
rates predicted are independent of surface inclination, 
and secondly, because the rate of heat transfer into the 
bubble is not considered, the equations fall seriously into 
error after a few micro-seconds of bubble growth.
4.3. Asymptotic Bubble Growth
In the derivation of equations (4.13), (4.16) and 
(4.17) it was assumed that bubble growth was limited only 
by pressure, liquid inertia, surface tension and liquid 
viscosity effects. These assumptions are valid only for 
the very early stages of growth when the equilibrium radius 
from equation (3.11) is only marginally exceeded.
Vapour bubble growth occurs through evaporation 
of the liquid-vapour interface, and any growth is restricted 
by the rate of heat transfer into the bubble to effect the 
vaporisation. When it is restricted by heat transfer effects, 
it enters the asymptotic or diffusion controlled stage of 
bubble growth.
4.3. 1. Extension of the Forster and Zuber Analysis
To obtain an understanding of the diffusion controlled 
domain of bubble growth in boiling, Forster and Zuber,
Reference 23, developed further the work of Lord Rayleigh.
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They assumed the change in vapour temperature, due 
to evaporation of the interface to be given by, Reference 24,
Tv Ts a t  T l -  T
h* p f g  v
Hsat Cp̂ Cira)
R ( z ) R ( z )  
R ( t )  ( t - z ) *5
dz
.... (4.18)
From the Clapeyron equation (3,7), the pressure 
difference within, and at a great distance from the bubble, 
can be written as
Pv - p*(-> la.T v fg
(Tv T . s a t ....(3.7)
or
Pv - P£<~) ISLT Vfg
Tl T . sat ____£2-Cpt  (tt a)
t
R ( z ) R ( z )  dz 
R ( t )  ( t - z )*5
o
• •ft (4.19)
Substitution into the modified Rayleigh equation 
(4.16) gives an expression for the growth of a spherical 
vapour bubble in a superheated liquid of uniform temperature,
Tr
n
h, p f •
- ----- » 1  dz
Cpi ( i r a ) ^  R ( t )  ( t - z )  *
o
.... (4.20)
R R + R P - +g R T v2?.  _fSLfg
T -  T 
l sat
DI
ST
AN
CE
,
FIG. 4-3 Asymptotic Bubble Growth Model
Forster t Zuber Approach.
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After simplifying equation (4.20), Forster and 
Zuber presented the solution, Reference 23,
R
R + tn o - ».at»RIN
Ro
- 1
R h- p o fg Kv
..a. (4.21)
2 q
where Ro ” — ■ - "pT F ) being the e<iuilibri«”> bubble radiusV t
also defined in equation (3.11). It should be noted that 
equation (4.21) has been developed for a spherical vapour 
bubble surrounded by superheated liquid at uniform tempera­
ture T£. In nucleate boiling, vapour grows on a heated 
surface with a very steep liquid temperature profile. It 
was suggested by Forster and Zuber, Reference 25, that the 
above analysis could be used to predict the growth rates of 
bubbles in nucleate boiling, provided a mean liquid temperature 
surrounding the vapour bubble is used in equation (4.21). No 
comparison was made between the growth rates using this method 
and the experimental findings.
The model of Figure 4.3. is used here to develop 
the theory and predict bubble growth rates in nucleate boiling 
for all inclinations of the heating surface. Bubbles attached 
to the surface are surrounded by superheated liquid at tem­
peratures in the range T2R up to T , Figure 4.3. The mean 
temperature surrounding the bubble is represented by the 
shaded area under the temperature graph, divided by the dimen­
sion 2R. The method used to predict the area under the tem-
TABLE 4.2
Predicted Asymptotic Bubble Growth using a 
development of the Forster and Zuber method
TIME RADIUS (m.m)
(Milli- SURFACE INCLINATION (6 )
Seconds)
0 ° 45° 90° 135° 180°
0 0.24 0 . 2 2 0.24 0.17 0.14
5 0.53 0.51 0.52 0.5 0.48
1 0 0.7 0.69 0.7 0.67 0.67
15 0.84 0.83 0.84 0.82 0.82
20 0.96 0.96 0.96 0.95 0.94
25 1.07 1.06 1.06 1.05 1.04
Bulk Liquid
FIG. 4-4 Growing Vapour Bubble with 
Superheated Liquid Layer.
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perature profiles is included in Appendix 7 where the mean 
excess temperature surrounding the vapour bubble, T^, is 
given by
T — T =2
l sat 2R Ei +
/ ~”E  3
E T y dy
0.576
___ (4.22)
The constants E 2 and E 3 are determined experimentally, 
Appendix 7, for each surface inclination.
By calculating the mean excess temperature for 
each portion of the bubble as it grows, from equation (4.22), 
and substituting in equation (4.21), the vapour bubble growth 
can be predicted for nucleate boiling on an inclined heated 
surface.
A Forgo S* computer programme is listed in Appendix 
8 , with output, for water boiling at atmospheric pressure 
and 100°C on a heating surface at 103°C and varying inclina­
tion. The predicted bubble growth rates for surface inclina­
tions of 0°, 45°, 90°, 135° and 180° are given in Table 4.2.
4.3. 2. A Heat Conduction Model for Asymptotic Bubble Growth
For nucleate boiling on an inclined heating surface 
the vapour bubble and surrounding superheated liquid layer 
is of the form illustrated in Figure 4.4. To obtain an 
analytical solution for the asymptotic growth of vapour on 
an inclined heated surface, the following assumptions are
made:-
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FIG.4 5 Assumed Temperature Profile.
Bulk Liquid
FIG.4 6 Asymptotic Bubble Growth 
Heat Conduction Model.
LU
oc
3
<
QcUJ
a
2UJh­
Q
3
o
3
Distane«, x
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FIG.4-7B Temperature Profile at the
Vapour-Liquid Interface ( t > 0 ) .
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1. The superheated liquid layer blanketing the bubble 
and heated surface is of constant thickness 6 .
2. The temperature profile near the heated surface is 
linear, Figure 4.5.
3. The vapour-liquid interface curvature is approximately 
spherical.
Thus, Figure 4.6 illustrates the asymptotic bubble 
growth model to be analysed. The temperature profile near 
the heated wall can be written, Appendix 1, and Figure 4.7 A, 
as
Tl . .. . (A1.5)
Again the Fourier equation can be used to determine 
the one dimensional heat conduction across the thermal layer 
into the vapour bubble. The following boundary conditions 
are required:-
1. Liquid temperature at the superheated liquid layer 
boundary, x = 0 , is equal to the bulk liquid temperature.
2. The liquid temperature at the vapour-liquid interface is 
equal to the temperature of vapour.
3. Initially, the temperature profile at the liquid vapour 
interface is given by equation (A1.5).
The Fourier equation and boundary conditions can
be written as
30
3T
3t = a a2T
a x 2
T (t, o) = T00
T (t, 6 ) = TV
T (o, x) = T +00
<J>w
“  x
(4.23)
An equation similar to (4,23) with appropriate 
boundary conditions has been solved by Carslaw and Jaegar, 
Reference 20, in their heat conduction study. Briefly, the 
solution to equation (4.23) is given as follows:-
T£ = Too + < V Tj f  + -if 1 — v— Cos mr S i n  £  £XP f31* - — )
n—l  6 2
+ i l Sin EXP (
6n=l 6
V  c. nnx - 
—  Sin T ” dx
.... (4.24)
Now
d> x
Sin —  dx k o
<t>.w
k nitx _— —  Sxn -3-  - —n it
<$x _ m  x COS * ̂ .
• • • • (4.25)
31 -
or
<b x <t>
“F “ sin T 2 dx = TT rnr Cos ror ...• (4.26)
If n is an integer,
- Cos rnr = (-1) n+ 1 ___ (4.27)
Therefore, from equation (4.26)
<j> xw _ mr x - / i \^—  Sin dx — (“1)
. . if> 6 2 n+l yw
k m ___ (4.28)
On substituting equations (4.28) and (4.27) into equation 
(4.24).
T„ = Tl 00 (T -T )V co'
X
I + 1TT ln=l
(T -T ) (-1)v  00 »"■
n Sin
n
HIT X
~T~ EXP (
- a n %  2t,
00
1  I
6 ! n=l
Sin EXP (-an *IT2t) (-D n+l wkmr
6
.... (4.29)
At this point it should be noted that boundary 
condition 3 applies only when t = 0. After the initial growth^ 
the temperature profile through the superheated layer no
32
longer follows equation (A1.5), but is similar in form to 
that shown in Figure 4.7b.
The heat transfer from the thermal layer into the 
vapour bubble for t > 0 is given by
T.L. = -k x=6 ....(4.30)
From equation (4.29)
dT
dx"
l _ (T -T  )V oo oo- E
* n=l
(T -T  )v 00 Izlln
n ror
6 Cos
nrr x EXP (-an h 2t
2
J En=l
Cos EXP (I^£ ^ 2t) (-1)n+1
<f> 6 w
kmr
)
.... (4.31)
Now
,dx
x=6 = + 1  < v T-) 1 Exp("-an\ 2t)n=l 6
or
2<J> 00 „  9 2.
z ex p  (-EL2L-JL) 
k n=l 6 2
,dx
T -Ty  oo + 2
x=6
(T -T  ) <f>v « Yw E EXP (~—  ** - -) 
n=l 6 2
• • • • (4.32)
Bulk Liquid
0 tla tl
FIG.4 8 Vapour Bubble Heat Balance.
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On substitution into equation (4,30)
4>T.L. I (T -T ) + 200 d> - 7- (T -T ) YW 0 ' V «*' z e x p **>n=l 6 2
.... (4.33)
It has been assumed here that the superheated liquid 
layer is of constant thickness 6. However, Zuber has shown, 
Reference 26, that the liquid temperature gradient is in­
creased due to the curvature of the vapour-liquid interface 
causing an increase in the rate of heat transfer. He has 
shown also that the heat flux should be increased by a factor
7T(̂•) to correct for the curvature of the superheated layer.
Therefore equation (4.33) is written as
<J>T.L. 5T <Tv-TJ + ir <J> -Yw (t -t )y  oo i expn=l 6 2
___ (4.34)
Referring to Figure 4.8 for an inclined boiling 
surface, heat transfer into the vapour bubble from the 
superheated liquid layer takes place over the area 
while the other source of heat input, the heated surface, 
takes place over the area Ac * The apparent contact area Ac 
is the area of vapour which appears to be in contact with 
the heated surface? however, the existence of a superheated 
microlayer reduces the actual contact area, Section 8.5.
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Cooper has shown, Reference 12, that for boiling at 
pressures well below one atmosphere, the microlayer at the 
bubble base is very important in an asymptotic bubble growth 
analysis. For pressures of one atmosphere and above, the 
microlayer is of minor importance and does not affect bubble 
growth outside the superheated layer. Microlayer effects 
have been neglected in the present work because the boiling 
process is being analysed at atmospheric pressure.
The heat transferred into the vapour bubble is 
absorbed in vaporisation of the liquid-vapour interface.
Therefore
qr T.L. A + d> TL vw Ac • • • •(4.35)
Now
^r eft kfg Pv (4.36)
or
dR
dt VTL + ¿TL S • • •
(4.37)
. AThe ratio of areas _£
*TL
is required for each boiling
condition being examined. It is found from experiment, 
References 27, 28 and Section 8.3 P.?o , that this ratio 
does not remain constant as the bubble grows, and further, 
both the initial ratio and the degree of variation with bubble 
radius are dependent on the inclination of the heating surface.
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Therefore a relation is sought of the form:
A
AcTL
K - K R ___(4,38)
where the area factors K x and K 2 are constants to be deter­
mined experimentally.
Substitution of equation (4.38) into (4.37) gives
dR
dt +
K
h
2
fg pv
R TL
fg p
K <f>
1 rw
h£ p fg v
• • • •(4.39)
This first order linear differential equation can 
be solved using the integrating factor method, Reference 29. 
The integrating factor is
K <f> k <j) t
I = EXP UV--~ )  dt = EXP (. ”-)h£ P n _ pfg v fgHv
• • . (4.40)
Multiply throughout equation (4.39) by I
K 2(Pwt ar + K 2̂ w
E X P l r J - Z --- ) + h P
hfgPV ^  fg V
K d) t K A t2~w 2'wEXP {---?-) R = EXP (r--^-)khÆ p fg v hfgpv
TL
, h P   ̂fg v
+
___(4.41)
Then
_d_
dt R EXP (
K 2<{> t  2Tw
hfgpv
,KEXP (y---£-)n _ pfg v
Ki4>
h£ pfg v
• • • • (4.42)
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Now, integrating both sides
K 2* t  
R E X P ( _ J L _  
kfgPv
IN
. /  ,K dCR E XP(C— —
V  hfgpv
K 2<f’wt /  <t>■)h £  P ' Vh- p fg v \ fg v
TL + i i k . \ a th*  p fg v.
or
....(4.43)
K t2 W Kj 4>w
h-r Pfg v h £ p fg v;
dt
Upon substitution of equation (4.34)
.... (4.44)
R EXP (
K i t
h -  ? - ) -  « IN  fg v h £ p fg v
EXP (K ^ w t / |l(Tv-TJ]dt
TT
hr pfgKv w T<V
K <f> t 00 o 2j_
s EXP(- y ^ .  
hfgPv n=l 6 2
) dt
.... (4.45)
The integral and summation of the last term can be
interchanged, therefore
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K <f> t
r EXP (r-----^ - )  = R + -------- ----'h£ p ' IN h p  f g  v  f g  v W f g  v
TT
h p  f g  v
<L -w
k
I v
K 2<J> tw
h f  p f g  v
an St 2t d t
( 4 . 4 6 )
Now
EXP (
K 9<p tw an Sr 2t
pf g  v
) d t  = K 2<f>w an Sr
h £  p f g  v
EXP t  (
K 2<j)w an Sr
pf g  v
■)-i
On s u b s t i t u t i n g  t h e  a b o v e  i n t o  e q u a t i o n  ( 4 . 4 6 )
and m u l t i p l y i n g  t h r o u g h o u t  by  EXP ( K 2^w l̂)nTp f g  v
th e n
-K  <j> t
R = R_„ EXP ( r— — ) + IN h_  p 7f g  v
k tt (T -T )v  00
26K 2cf>w
-K 2*„tN
1 •  EXP<
oo tt
+ Z -  
n = l
w -r(T - T  )6 V °o
k 2*„
an St 2h p  V f g ' v  \
EXP (ran St 2t
-K <f> tN
> - EXP( iTTT-»f g  v y
• . . .  (4.47)
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FIG. 4 9 Vapour Bubble Growth
Predicted from Equation (4-47).
Bulk Liquid
FIG.4 IO The Fritz Bubble Departure
Model of Equation (3-21).
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Equation (4.47) has been developed to calculate 
the asymptotic bubble growth rate in nucleate boiling for 
all inclinations of the heating surface. The constants 
and K 2 are determined experimentally.
A computer programme has been written to solve 
equation (4.47) and is listed in Appendix 9. Figure 4.9. is 
the asymptotic bubble growth predicted from equation (4.47) 
for water at 100°C and atmospheric pressure, boiling on a 
heated surface at 103°C with inclinations of 0°, 45°, 90°, 
135° and 180°.
4.4. Vapour Bubble Departure
The diameter of vapour bubbles leaving a horizontal 
heated surface in nucleate boiling was predicted by Fritz, 
Reference 17, equation (3.21) while studying the buoyant 
and surface tension forces acting on the vapour. The model 
of Figure 4.10 was used to develop the equation which is
/&
D, = 0 . 0148i
2 g o
* t~\)
___ (3.21)
for bubbles of hydrogen and water vapour. However, on an 
inclined heating surface the contact angle 8 is no longer 
constant but varies around the extremity of the vapour bubble, 
Section 8.z* , P ,93 • To overcome the difficulties associated
with variation in the contact angle, a force balance analysis
Bulk Liquid
FIG. 4 II Vapour Bubble Force Balance 
at Departure.
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is performed on the vapour bubble for the force model 
illustration of Figure 4«11«
As a vapour bubble approaches its maximum (or 
departure) diameter on an upward facing inclined heated 
surface, buoyant pressure and drag forces tend to move the 
bubble away from the nucleating cavity, while surface 
tension and liquid inertia restrain this movement. When 
the bubble reaches its maximum diameter, the surface tension 
and liquid inertia forces are exceeded by the other forces 
acting and the bubble departs the nucleating cavity. The 
forces acting on the bubble as it approaches the departure 
diameter, are considered in turn below.
As the heated surface is inclined from the horizon­
tal facing upwards (0 = 0), the attached vapour bubbles are 
distorted from their spherical shape.
In all of the work on vapour bubble dynamics, the 
radius of vapour bubbles is determined using the method 
described in Section 7.6.
4.4. 1. Buoyant Force
The buoyant force acting on the vapour is always 
vertical with magnitude
UB - <p£ - pv) g V ....(4.48)
or
40
NB - (p£ - pv> 3 | W Rs • (4.49)
4.4. 2. Differential Pressure Force
As the vapour bubble approaches its departure 
diameter, the base of the bubble necks down to a diameter 
equal to the diameter of the artificial nucleating site, 
Reference 30 and Section 8. S , The difference across the 
vapour-liquid interface is balanced everywhere except over 
the contact area of radius Rc« The differential pressure 
force acting on the bubble normal to the heating surface 
is
N = (Pv - Pt) it Rc 2 ___ (4.50)
Now, from equation (3.3),
Pv
so that
N
P
2 a ir Rc 2
R
....(3.3)
• • • • (4.51)
4.4. 3. Bubble Growth Drag
Since the growing vapour bubble is attached to
the heated surface on one side, the opposite interface area
dRhas a velocity of (2r^). The drag on the moving interface, 
acting normal to the heating surface is therefore given by
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NG = * pz <2 a t > 2 CD " r2 .... (4-52)
From the experimental findings, Sections A16.7, 
and 8.7, the Reynolds number is calculated at 121.4 and the 
corresponding drag coefficient, Reference 31, is
cD = 0.9
4.4. 4. Flow Medium Drag
The two phase medium rising past the growing vapour 
bubble causes a vertical drag force of magnitude
ND = H pt U* CD * R 2 ___ (4.53)
The Reynolds number of 1545, from experimental data, 
yields a drag coefficient of 0.4, Reference 31.
4.4. 5. Surface Tension
The surface tension force acting around the contact 
perimeter of the bubble is given by
NgT = 2 o tt Rc ....(4.54)
The direction of this force is apposite to that of 
the resultant of the other forces.
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4.4. 6. Remaining Forces
In addition to those listed above, forces due to 
liquid inertia and liquid viscosity are acting on the vapour 
bubble. As the bubble reaches departure the velocity is 
essentially constant, Figure 8.5., so that liquid inertia 
is negligible. It was noted by Bankoff, Reference 22, that 
liquid viscosity and partial pressure of the permanent gas 
are negligible as the vapour bubble approaches departure.
4.4. 7. Force Balance
A number of difficulties arise in attempting to 
measure the flow medium drag because the velocity profile 
near the heating surface is required. It is assumed that 
for a horizontal heating surface, the vapour is completely 
shielded from the flow medium because of the small dimensions 
of the bubble in comparison with the heating surface dimen­
sions, Section 5, so that = 0. For a vertical heating 
surface, 0 = 90°, a uniform velocity profile is assumed and 
equation (4.53) applies. For other heating surface orienta­
tions, the drag force can not be determined with the available 
data.
for the model of Figure 4.11, the departure radius is cal­
culated for a horizontal heating surface having a force 
balance equation of
By considering a force balance on the vapour bubble
2 a tt Rc 2 
R a
• • • • (4.55)
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On substitution of experimental data from Section 
A16.7, the predicted departure radius is
Rd = 1.14 (mm)
The equation for a force balance on a vapour bubble 
growing on a vertical heated surface is given by
(<P£~Pv)9 j * R3 + >5 Py u 2 C, tr
a tt R
+ 2p dRdt CD1r R
22
2= (2 a n R )c • • # •(4.56)
On substitution of experimental data, the predicted 
departure radius for a vertical boiling surface is
Rp = 0.91 (mm)
For a horizontal heating surface facing downwards, 
the departure model predicts that bubble departure will 
not take place according to the above criterion.
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SECTION 5
EXPERIMENTAL INVESTIGATION OF 
THE RATES OF HEAT TRANSFER
5.1. The Two Forms of Experimental Equipment
Two approaches were considered for the construction 
of experimental equipment to study pool boiling at atmos­
pheric pressure. Both these utilize either boiling surface 
temperature or heat flux as the controlled or independent 
variable, the choice being dependent on the method used to 
heat the boiling surface.
The first involves the use of condensing steam as 
the heat source, with heat conduction through a separating 
wall to the boiling liquid. The boiling surface temperature 
Tw then becomes the controlled variable. Thermocouples 
embedded in the separating wall are used to determine the 
temperature gradient between the condensing and boiling sur­
faces, from which the heat flux and extrapolated boiling 
surface temperature are calculated. Measurement of heat loss 
from the steam during condensation provides an approximate 
check on the rate of heat transfer into the boiling liquid. 
This steam heating approach allows the three regimes of 
boiling to be studied and the surface is not subject to burn­
out, Section 2.5. However, the use of condensing steam as a 
heat source severely restricts the maximum boiling surface 
temperature, which in turn limits the maximum heat flux that 
can be achieved. These restrictions generally necessitate
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the use of a test liquid with a low boiling point and low 
critical heat flux, Section 5,2. Experiments conducted 
with distilled water as the test liquid have been limited 
only to studies of the nucleate regime because of the res­
tricted excess temperature of the boiling surface.
The second, and more common experimental technique, 
involves the use of an electrically heated boiling surface. 
For this arrangement, the electrical power delivered to the 
heating element is controlled, and so heat flux becomes the 
independent variable. A thermocouple is used to determine 
the temperature of the boiling surface while the heat flux 
is calculated from the power dissipated in the elements, 
making an appropriate correction for heat losses.
In experimental equipment utilizing electrical 
heating, difficulties arise with burnout and transition 
boiling studies. However, the high excess temperatures 
achieved enable any test liquid to be examined. The experi­
mental techniques and control equipment developed for elec­
trically heated boiling surfaces, Section 5.2, enables 
transition boiling, film boiling and critical heat flux to 
be studied along with nucleate boiling.
5.2. Review of Previous Experimental Equipment
Pool boiling on steam heated tubes has been studied 
by Westwater, References 4 and 32, Perkins and Westwater, 
Reference 33, and Westwater and Santangelo, Reference 3. Test
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liquids of methanol, n-pentane, benzene and ethyl alcohol 
were used for low heat fluxes up to 55 watts/cm2. Berensen, 
Reference 34, was able to examine pool boiling on a flat 
copper surface of 51 mm diameter with temperature independent 
operation, using a hybrid boiling arrangement. The maximum 
heat flux achieved was 35 watts/cm2 for the test liquids of 
n-pentane and carbon-tetrachloride, for which the boiling 
points are 38°C and 77°C respectively at standard pressure.
The small heat flux available from condensing 
vapour equipment has restricted the use of distilled water 
as a pool boiling test liquid. Because water is the boiling 
liquid of most interest to the engineer, many have approached 
the problem using heat flux independent equipment and devel­
oped experimental techniques and automatic control to reduce 
the instabilities. One experimental method relies on 
electrical elements attached to a copper block which con­
ducts heat to the boiling surface.
Gaertner, Reference 2, used nine 1100 watt cartridge 
heaters to conduct sufficient heat to a test surface to 
measure the critical heat flux for water as 156 watts/cm2, 
and an excess temperature of 44°C. Using eight, 1000 watt 
electrical heaters, Kermode and Zemaitis, Reference 35, 
studied pool boiling of hexane, methanol and benzene at 
excess temperatures up to 360°C. Kurihara and Myers, Reference 
36, used a 4000 watt heater with heat conduction through a 
copper block onto a 76 mm diameter boiling surface. Test 
liquids of water, acetone, n-hexane, carbon-tetrachloride, 
and carbon disulphide were boiled at low heat fluxes. Cooper
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and Lloyd, Reference 10, used radiant heating of a 
ceramic surface to boil toluene and isopropyl alcohol 
at heat fluxes of up to 55 watts/cm2.
In most of the above experimental arrangements, 
the heat flux and boiling surface temperature was calculated 
from the temperature gradient recorded by thermocouples 
embedded in the heat conducting walls. Criticism of this 
technique has arisen, Reference 32, because drill holes 
in the conducting walls alter the heat flow pattern and thus 
introduce errors. In addition, the service life of elec­
trical elements is short for the sustained high operating 
temperatures.
To overcome the high heat inputs required to reach 
the critical heat flux for water, the boiling surface itself 
has often been used as a heating element to provide the 
maximum heat transfer into the boiling liquid. Bromley, 
Reference 37, used an electrically heated carbon tube to 
study the boiling of water, n-pentane, nitrogen, ethyl alco­
hol, benzene, carbon-tetrachloride, diphenyl ether and 
mercury for boiling surface excess temperatures up to 1400°C. 
Electrically heated stainless steel tubes were used by Turner 
and Colver, Reference 38, Fuls and Geiger, Reference 39, and 
Hatton and Hall, Reference 40. Cryder and Finalbargo, Reference 
41, used an electrically heated brass tube while Elrod, Clark, 
Lady and Merte, Reference 42, used tubes of monel, inconel
and carbon steel.
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Electrically heated wires of niche1, tungsten, 
chrome1 A and chromel C were used by Farber and Scorah, 
Reference 1* Donald and Haslam, Reference 43, used con- 
stantan wire while Peterson and Zaalouk, Reference 44, used 
platinum with an automatic control feedback system to obtain 
stable operation for the three regimes of boiling.
The most popular means of electrical heating has 
been through the use of thin metallic ribbons of rectangular 
section, but the material and size of the ribbons has varied 
considerably. Hospeti and Mesler, Reference 45, used a 
chromel ribbon, 25.4 mm x 6.35 mm x 1.59 ram, while Price 
and Sauer, Reference 46, used a 89 mm x 51 mm x 0.127 mm, 
Inconel 600 ribbon. Moore and Mesler, Reference 11, and 
Siegel and Usiskin, Reference 47, used nichrome V ribbon, 
the latter being 22.2 mm x 3.18 mm x 0.152 mm. Jacobs and 
Shade, Reference 48, and Yessin and Jeffers, Reference 49, 
each used platinum ribbons, and stainless steel was used 
by Vachan, Tanger, Davis and Nix, Reference 50, and Howell 
and Siegel, Reference 50. Class, De Haan, Piccone and Cost, 
Reference 51, used a long resistance alloy ribbon 5.59 mm x
25.4 mm x 0.127 mm. Cole, Reference 52, used a zirconium 
ribbon to develop a method of sensing the peak flux of 
water by monitoring the ribbon voltage.
For experimental equipment with electrically 
heated boiling surfaces, techniques have been developed to 
overcome most of the initial difficulties. The critical 
heat flux can be studied by employing feedback control methods,
FIG. 51 Pool Boiling Equipment
Thermocouples  E le c t r i c a l  T he rm ometer  V e n ted
FIG. 5-2 Arrangement of Equipment 
within the Boiling Tank.
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Reference 44, and by predicting the onset of burnout from 
sharp rises in the electrical element voltage, Reference 52. 
Film boiling has been studied by heating the boiling surface 
to the desired temperature, and immersing it in the test 
liquid, Reference 53. This technique eliminates burnout and 
allows a complete study of the film boiling regime.
The use of electrically heated ribbons allows 
boiling to be studied on a flat surface, which is essential 
if the effects of heated surface inclination are to be 
examined; high rates of heat transfer can be achieved, and 
experimental accuracy is greater than for other arrangements. 
These factors have led to the choice of electrically heated 
ribbons in the present experimental investigation.
5«3. Experimental Equipment Adopted
A photograph of the pool boiling equipment used in 
the present work is shown in Figure 5.1. Distilled water at 
atmospheric pressure was contained in a brass tank measuring 
40 cm x 40 cm x 15 cm, with hardened glass windows on the 
front and rear. Attached to the lid of the tank was a support 
bracket for an annulus graduated in degrees, having mounted 
on it, the boiling surface, thermocouples and electrode,
Figure 5.2. The boiling surface could be rotated through 360° 
without altering the heat flux and its centre remained at a 
constant 12 cm below the surface of the water.
The electrically heated boiling surface was a ribbon
A
FIG. 5-3 Prepared Boiling Surface with the
Thermocouple and Araldite Support.
FIG. 5-4 The Boiling Surface Surrounded 
by the Perspex Housing.
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of nichrome V resistance alloy, Reference 54, This material 
provided high resistivity, low temperature coefficient of 
resistance, good corrosion resistance and allowed a maximum 
operating temperature of 1200°C. A copper-constantan thermo­
couple was spot welded to the back of the ribbon and cast 
in high temperature araldite F, Reference 55, to provide 
support and efficient thermal insulation for the ribbon.
The araldite insulated all faces of the nichrome V except 
a single exposed area measuring 5.08 cm x 0.635 cm to become 
the boiling surface. The nichrome V extended beyond the 
araldite, Figure 5.3, to be clamped in brass electrodes.
In some experiments a convection housing was re­
quired to shield the boiling surface from all external 
convection currents caused by the immersion heaters. A 
perspex housing was placed around the boiling surface to 
provide the necessary shielding, Figure 5.4. Its dimensions 
of 11 cm x 5.5 cm x 4 cm were sufficient to allow free 
passage of liquid and vapour around the boiling surface, 
while small vent holes of 2 mm diameter enabled vapour to 
escape into the bulk liquid.
The nichrome V ribbon was heated with direct current 
supplied from 6 and 12 volt lead-acid batteries of 200 amp. 
hr rating. The use of direct current heating eliminated 
temperature fluctuations and thermocouple pickup as has 
been experienced with alternating current heating, Reference 
11« Power delivered to the boiling surface was controlled 
by a resistance bank consisting of a carbon plate rheostat
Ba t t e r ie s .
FIG 5 5 Schematic Layout of Test Equipment.
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in series with a bank of fixed and variable resistances, 
Figure 5*5. This bank was designed to provide continuous 
current control from 0 to 100 amps. The power dissipated 
by the nichrome V was measured with a voltmeter and shunted 
ammeter. A two pole reversing switch enabled current flow 
in either direction through the heated ribbon, Figure 5.5.
Distilled water was used as the boiling liquid 
for all tests and maintained at atmospheric pressure by a 
vent in the lid of the tank. The water was initially heated 
and later maintained at 100°C using two 900 watt immersion 
heaters placed at the bottom of the tank, Figure 5.2. and 
connected to a variac. The bulk liquid temperature (tem­
perature of the water) was measured using a precision mercury 
in glass thermometer, and two thermocouples connected to a 
Thermo Electric digital thermocouple indicator. A six-way 
rotary thermocouple switch connected to the thermocouple 
indicator enabled direct temperature reading of the heated 
ribbon or bulk liquid temperature for two positions within 
the tank.
5.4. Calibration of Equipment
5.4. 1. Temperature Measurement
A sample of the copper constantan thermocouple wire 
to be used in the experiments was checked for accuracy in a 
calibrating tank capable of maintaining water temperature 
within 0.1°C of a set value. The thermocouple readings were
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checked against a standardised reference thermometer and 
it was found the thermocouples were within the 0.75 % 
accuracy as quoted by the suppliers.
A Thermo Electric ELPH Digital Thermocouple 
Indicator was calibrated in both ice and boiling water at 
admospheric pressure. The digital indicator had an accuracy 
of t 1°C and was used only to provide an indication of bulk 
liquid and heated ribbon temperatures. The precise bulk 
liquid temperature was read from the precision mercury in 
glass thermometer. A Forster Portable Potentiometer Model 
3155-DPW was used to determine the heated ribbon temperature. 
The potentiometer required manual balancing and cold junction 
temperature compensation, while the thermocouple potentiometer 
combination provided a temperature resolution of 0.1°C.
When measuring the temperature of the electrically 
heated ribbon with a thermocouple, an error is introduced 
from the potential drop across the finite dimension of the 
thermocouple junction. This error is eliminated by measuring 
the surface temperature for both polarities of the ribbon 
and calculating the mean of the two readings.
The boiling surface temperature was calculated from 
the mean thermocouple reading of the insulated face of the 
ribbon by assuming one dimensional heat flow through the 
ribbon with internal heat generation. The boiling surface 
temperature T^ is related to the temperature of the insulated 
face T^ from the relation of Appendix 10.
Tw *w l 2 kn
T.l • • • •(A10.9)
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Thus the boiling surface excess temperature T 
by s
/T T.1
<J> lYw 
2 kn
is given 
___ (5 • 1)
5.4. 2. Heat Flux Measurement
A number of precautions were taken to minimise 
errors in the measurement of heat flux from the heated 
ribbon. The araldite support for the heated ribbon had 
a high thermal resistance to minimise heat loss through 
the insulated faces of the ribbon. The copper constantan 
thermocouple, made of 30 gauge wire, was thermally insulated 
with enamel, glass and a compound resistant to both moisture 
and heat. The electrical cables were of large section to 
provide minimum electrical resistance, and were thermally 
and electrically insulated.
The major source of error in the measurement of 
heat flux came from the voltmeter and ammeter used in the 
measurement of dissipated power. The voltmeter was a Hansen 
Model M70 with 0 to 1.2 and 0 to 6 volt scales and graduated 
in increments of 0.02 and 0.1 volts respectively. The 
ammeter was a Kyoritsu Model S45 with 0 to 100 amps D.C., 
graduated in increments of 2 amps. Each meter had a maximum 
instrument error of 2%. The maximum percentage error for 
power measurement occurs for the minimum heat flux measured 
in the experiments. This was for readings of 0.7 volts and 
9.5 amps, test C7, Appendix 16.3. The maximum errors are
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therefore or 1«4% and or 10.5% plus the res­
pective 2% instrument errors.
Heat loss from the heated ribbon, through the 
araldite, and into the water is calculated, Appendix 11, 
at 0.195 watts for the worst condition. This occurs for 
the maximum boiling surface excess temperature of 15.7°C 
and corresponding heat flux of 65.2 watts/cm2, test Cl, 
Appendix 16.3. Other sources of heat loss occur from the 
electrodes and along the thermocouple wire and electrical 
cables. Also for the above data, the maximum heat loss 
was calculated as 1.19 watts. The maximum heat loss from 
the heated ribbon is therefore given by
Maximum Heat Loss = g5. H 9f, o s ^ o  .635 x 100
= 0.66%
Because the errors in heat loss from the ribbon 
are small in comparison with those from the power measurement, 
no corrections were applied in the determination of heat 
flux, which is given as:
, _ ribbon voltage x ribbon current ....(5.2)
^w boiling surface area
5.4. 3. Total Experimental Error
From the sources outlined in Sections 5.4. 1. and
5.4. 2, the total maximum error for the experimental equip-
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ment used is 17.3%. The actual experimental error is 
somewhat less than this because the worst test conditions 
never coincide for all sources. The maximum error in the 
measurement of power dissipation occurs at the minimum heat 
flux whereas this error decreases and heat loss increases 
for a larger heat flux. Clearly the principle errors are 
due to power measurement.
No estimate has been made of random errors en­
countered in the recording of data because of their unlimited 
sources.
5.5. Preparation of the Boiling Surface
It has been shown that for the boiling data to be 
reproducible, the finish of the boiling surface must be 
closely controlled, References 34, 36 and 50. A smoother 
boiling surface with its correspondingly smaller cavities 
and radii of curvature will require larger excess temperatures 
for nucléation, Equation (3.10). In addition, variations in 
surface roughness affect the amount of gas trapped in surface 
cavities which further influence the excess temperature re­
quired for nucléation. Therefore, to reproduce the surface 
finish as closely as possible, a set procedure was adopted 
for its preparation before each test.
Two grades of surface finish were used in the experi­
ments, produced respectively from 240 and 600 grit emery paper. 
Before each test, the boiling surface was prepared with a
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minimum of 300 strokes of emergy paper applied parallel to 
the longer axis of the surface with a constant pressure.
The surface was inspected visually and if extraneous scratches 
were found the procedure was repeated. The surface was then 
cleaned with distilled water making sure that no fingermarks 
or other stains were present. The surface was submerged in 
distilled water immediately after preparation to minimise 
the possibility of its becoming contaminated. Both the 
distilled water and the boiling surface were degassed prior 
to each test by vigorous boiling for one hour. This prepa­
ration and degassing procedure is similar to that carried 
out by others for similar research, References, 3, 36, 50, 
and 56.
No attempt was made to measure the R.M.S. roughness 
of the boiling surface because it has been shown that surface 
roughness is not a suitable measure of the boiling surface 
finish in pool boiling, References 34, 36 and 50.
5.6. Description of Test Procedures
Following preparation of the boiling surface and 
degassification of water, the required heat flux was adjusted 
and the equipment was allowed thirty minutes to reach steady 
state operation. At the same time, the voltage supplied to 
the immersion heaters was reduced to 140 volts, being the 
minimum that would maintain the bulk liquid at the required 
temperature of 100°C.
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Before each series of tests with a particular 
surface finish, the boiling surface inclination, atmospheric 
pressure and atmospheric temperature were recorded. For 
each test the following parameters were recorded: voltage, 
current, ribbon temperature for both polarities, bulk liquid 
temperature and observations concerning any unusual phenomena 
were noted. The equipment was then adjusted for the next set 
of readings and a minimum of ten minutes allowed to elapse 
for steady state operation. Between each set of readings, 
the potentiometer was adjusted for cold junction compensation 
and standardised against a standard cell, while the bulk 
liquid temperature was checked.
The tests involving variations in heat flux were 
conducted with the heat flux decreasing to reduce errors 
from hysteresis effects, Reference 57. To calculate the 
nucléation site density, the number of bubble sites was 
counted visually from each side of the tank. The procedure 
was repeated if the number of sites varied by more than one 
for the two countings, and heat flux was not increased beyond 
the condition where sites could no longer be counted accurately. 
Nucléation site density was calculated from:
- number of active bubble sites
n ” boiling surface area ......
Nucléation site density was not determined for boiling surface 
inclinations beyond 90° because released bubbles moving along 
the ribbon surface interfered with growing bubbles making 
visual counting unreliable.
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Experiments were designed to study the heat 
transfer characteristics of nucleate boiling on a heated 
surface of varying inclination. The boiling surface excess 
temperature, heat flux, incipience temperature, nucleation 
site density and temperature gradients were analysed as 
the surface inclination was varied, and variations in the 
conventional boiling curve noted, Figure 2.1. Experiments 
were also conducted to determine the effects of convection 
cooling and latent heat transport in nucleate boiling®
Following each experimental test run, the data was 
processed on an I.B.M. 1620 computer for calculation of 
the line of best fit and mean deviation. The Forgo S* com­
puter programme, listed in Appendix 12, was written to allow 
a polynomial of up to eighth order to be calculated for the 
data. This programme allows the experimental data of the 
boiling curve tests, series C of Appendix 16, to be analysed 
directly, or alternatively, a general least squares calcula­
tion for other data. Equations (5.1) and (5.2) are incor­
porated in the boiling curve computations of the computer 
programme. The data can be analysed on a log-log, semi-log 
or linear basis, depending on the form of the relation 
required.
Each experimental test run is described in detail 
in Section 6, together with the results obtained,while all 
experimental data is listed in Appendix 16.
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SECTION 6
RESULTS AND DISCUSSION 
OF HEAT TRANSFER INVESTIGATION
6.1« Boiling Surface Excess Temperature
To examine the excess of boiling surface tempera­
ture over the bulk liquid temperature, a series of tests 
were conducted in which the boiling surface inclination 
was varied and the heat flux maintained constant. The 
surface inclination was varied from 0 s* 0° (horizontal and 
facing upwards) in increments of 30°, up to 0 = 180° (hori­
zontal and facing downwards). Three arbitrary values of 
heat flux were chosen, and the variation of excess tempera­
ture with boiling surface inclination was determined. The 
results of the tests are plotted in Figure 6.1. and listed 
in Appendix 16.1.
It is noted from Figure 6.1. that as the surface 
inclination 0 increases, the boiling surface temperature 
required to maintain a given rate of heat transfer decreases. 
That is, for downward facing heated surfaces, a smaller boiling 
surface temperature is required to maintain a given heat flux 
than for an upward facing heated surface.
The second point of note is the smaller difference 
in excess temperature for the larger values of heat flux.
For a heat flux of 40.5 watts/cm2, the excess temperature 
dropped 4.6°C when the boiling surface was rotated from the
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upward facing to the downward facing position. However, for 
the lower heat flux of 8.87 watts/cm2, the corresponding 
temperature drop was 9.8°C.
The straight lines drawn through the data of 
Figure 6.1 yields a maximum mean deviation of 8%, Section 
A16.1, however, the data actually deviates from a linear 
relationship. It has been suggested by Sapsford and Davis, 
Reference 58, that the data should be represented by higher 
order relationships as, for example, the dashed line through 
the data for 17.6 watts/cm2. It has been noted the general 
shape of the curve is similar for the three tests of Figure
6.1, and is later repeated in Figure 6.2. The data appears 
to follow a curved relationship on either side of the vertical 
condition, i.e. when 6 = 90°* In the present section it will 
suffice to note that the boiling surface temperature required 
to maintain a given rate of heat transfer reduces as the sur­
face inclination varies from 0 = 0 to 180°.
6.2. Convection Cooling
During all experiments, the voltage applied to the 
immersion heaters was set at the minimum which would maintain 
the water temperature at 100°C. The heaters, being situated 
at the bottom of the brass tank, Figure 5.2, induce convec­
tion currents in the water. These currents flowing past the 
boiling surface were initially considered responsible for 
the first two trends noted in Section 6.1. To eliminate the
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apparent error, a transparent perspex convection housing 
was placed around the boiling surface to shelter it from 
all such externally induced convection currents. This cover 
allowed free passage of liquid around the boiling surface, 
its araldite support and the electrodes, while small vent 
holes allowed vapour to escape and bulk liquid to enter 
the convection housing, Figure 5.4. During the convection 
tests, the water temperature inside the housing was measured 
with thermocouples and maintained at 100°C.
Three constant heat flux tests were conducted 
with the cover in position and the boiling surface tempera­
ture was recorded for each surface inclination. The results 
are plotted in Figure 6.2. During the convection tests, the 
240 grit boiling surface finish was used, being slightly 
rougher than the surface for the tests of Section 6.1. From 
the work of Berenson and Kurihara, References 34 and 36, a 
rougher boiling surface reduces the required excess tempera­
ture for the same heat flux. This variation was noted here, 
Figures 6.1 and 6.2.
Referring to Figure 6.2, reduction of boiling sur­
face temperature with increasing surface inclination was 
again noted for the three tests. It is interesting to note 
that for their film boiling studies of nitrogen at inclina­
tions of 0°, 30°, 60° and 90°, Price and Sauer, Reference 
46, observed the same effect. Class, De Haan, Piccone and 
Cost, Reference 51, also noted the effect during film studies 
of hydrogen using boiling surface inclinations of 0°, 45° and
90°
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Thus it would appear the same heat transfer mechanism is 
affecting both the film and nucleate boiling regimes.
It has long been known that most of the heat trans­
ferred in pool boiling takes place from the heated surface 
directly to the liquid via convection, Reference 57, and 
that very little heat is transferred into the vapour bubbles, 
Section 6,8. Thus it is apparent that the variation in ex­
cess temperature with boiling surface inclination is caused 
mainly by convection cooling. As the heated surface orien­
tation is changed from upward facing to downward facing, the 
surface becomes increasingly exposed to rising convection 
currents, and the energy exchange becomes more efficient.
This results in a smaller excess temperature being required 
to provide the same rate of heat transfer for both the 
nucleate and film regimes.
In the experiments for which the convection cover 
was used, externally induced convection currents were elim­
inated. However, the upward movement of the vapour and 
superheated liquid generated at the boiling surface also 
provide convection circulation. These convection currents 
cannot be eliminated through shielding because they occur 
naturally in the nucleate boiling process. The effect of 
convection cooling for varying surface inclination is exained 
further in Sections 6.8 and 6.9.
The second effect observed in Section 6.1. is again 
present, viz. the smaller drop in excess temperature as the 
boiling surface is inverted for larger values of heat flux.
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For a heat flux of 23.4 watts/cm2, the temperature drop is 
3.8°C whereas a heat flux of 10.95 watts/cm2 gives a tem­
perature drop of 4.5°C. The effect is somewhat reduced 
although still present. Also, the deviation from linearity 
has again been reduced as is noted by the improvement in mean 
deviation from approximately 8% to approximately 4%, Appendix
16.2.
Convection cooling from currents induced by the 
immersion heaters is thus seen to contribute to the effects 
noted in Section 6.1. When these external currents are 
eliminated, the remaining natural convection circulation 
from rising vapour and liquid causes a reduction in the 
boiling surface excess temperature with increased boiling 
surface inclination.
6.3. Boiling Surface Heat Flux
To study further the effects of boiling surface 
inclination on the rates of heat transfer, a series of tests 
were conducted with the surface inclination at a fixed value, 
while the heat flux was varied.For each test the maximum heat 
flux was established first and then the data was recorded as 
the heat flux was reduced in steps between each test reading. 
This procedure eliminated errors introduced by hysteresis 
effects experienced in the boiling process, Reference 57.
Each test run was started at a heat flux near the critical 
value, determined visually, and was reduced in steps to the
SURFACE INCLINATION, © (degrees)
FIG .6-3 Boiling Curve Slope, B, as Influenced
by the Boiling Surface Inclination.
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lowest meaningful heat flux for nucleate boiling. Data 
was recorded for boiling surface inclination in increments 
of 30° and is listed in Appendix 16,3. A 240 grit surface 
preparation was used for all tests, the surface preparation 
procedure being repeated before each test.
The data was used directly in mode 0 of the least 
squares computer programme, Appendix 12, and the calculated 
line of best fit is included in Appendix 16.
Nucleate pool boiling data has been correlated 
previously, References 2, 16 and 41, in the form
<(> = k c t')8 ___ (6.1)
The line of best fit for equation (6.1) has been calculated 
here for each test and included in Appendix 16.
The equation (6.1) represents a linear relationship 
on log-log axes with slope B. The calculated values of B 
from Appendix 16.3 are graphed in Figure 6.3. against boiling 
surface inclination. A second order line of best fit has 
been calculated for the data of Figure 6.3. to yield a 5% 
mean deviation for the relation
B = 5.71 + 0.000548 6 - 0.000114 0 2 ....(6.2)
Again, from Figure 6.3 the boiling curve slope 
decreases as surface inclination increases. It is of interest 
to note that Elrod, Clark, Lady and Merte, Reference 42, while
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studying nucleate boiling of water on heated tubes^ found 
that a steeper shaped boiling curve was obtained for the 
horizontal orientation than for the vertical orientation.
They showed that this effect was present for both 
natural and forced convection. Care should be exercised 
when making direct comparison with their work because the 
horizontal heated tube of Reference 42 is equivalent to 
boiling from all inclinations simultaneously, 0 to 180°, 
whereas the vertical tube represents boiling from a single 
inclination of 0 = 90°.
The significance of the reduction of boiling 
curve slope with increasing surface inclination is apparent 
when an increase in heat flux is required from a boiling 
system. For a horizontal boiling surface facing upwards, 
a much smaller temperature increment is required to achieve 
a specified increase in heat flux than would be required 
for the other inclinations, especially for downward facing 
surfaces•
To correlate the boiling heat transfer data, a 
total of 11 forms of empirical equation were considered 
to relate the boiling surface excess temperature to the 
delivered heat flux. Although equation (6.1) provided mean 
deviations as high as 15.5%, it requires only two empirical 
"constants" to be determined as functions of the boiling 
surface inclination. Therefore, equation (6.1) proved most 
convenient in correlating data for all inclinations of the 
boiling surface.
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6,4« Boiling Curves
The constant of proportionality K, in Equation 
(6.1), is dependent on many factors including the boiling 
surface roughness, inclination, wettability and the depth 
of the boiling surface below the free liquid surface. In 
the tests of Section (6.3), the boiling surface was prepared 
between tests in accordance with the set procedure to res­
tore it to the required finish. Although minor variations 
in surface roughness occur between each preparation, this 
variation has been shown to affect the boiling surface 
excess temperature required to deliver a specified heat 
flux, References 34 and 36. Such errors reduce the accuracy 
of any empirical relation developed for prediction of the 
variation of the constant of proportionality K, with boiling 
surface inclination.
A more satisfactory result is obtained by considering 
the tests of Section (6.2) where the same boiling surface 
was used for all boiling surface inclinations. The convec­
tion cover eliminated errors from convection cooling induced 
by the immersion heaters. From the combined data of the tests 
of Section (6.2) a mean deviation of 11% was obtained for 
the relation;
K = EXP (-10.68 + 0.0173 0 + 0.000198 0 2)
• • . . ( 6 . 3 )
The simultaneous solution of Equations (6.1), (6.2)
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and (6.3) provides the set of boiling curves shown in 
Figure 6.4/ for the nucleate pool boiling of water at 100°C 
and atmospheric pressure on an inclined 240 grit nichrome 
V heated surface.
6.5. Correlation of Boiling Heat Transfer Data
The Rohsenow correlation equation for pool boiling, 
Equation (3.31) has been developed to correlate boiling data 
from a horizontal, upward facing boiling surface, Reference 
18. It is apparent from Figure 6.4. that the rates of heat 
transfer predicted for any other boiling surface inclination 
would be seriously in error. The assumptions used in the 
development of Equation (3.31) are still valid for the 
general case involving an inclined boiling surface, but the 
empirical "constants" vary with the angle of inclination.
by
To recapitulate, the correlation equation is given
C T/
p*  - c  (  *
g o T
1
o n __
_1
h fg sf M V * I
Q.1«VCL 1 k l
1.7
....(3.31)
The values of the empirical "constants" and r
have been determined for a number of boiling systems, several 
of which are included in Table 6.1.
TABLE 6 ,1
COMPARISON OF THE EMPIRICAL CONSTANTS
Csf and r
Boiling System Reference Csf r
Water-Platinum 59 0.013 0.33
Water-Brass 41 0.006 0.33
Water-Nickel 60 0.006 0.33
Water-Stainless
Steel
50 0.084-0.0155 0.13-0.33
Water-Nichrome V Equations 
(6.8) , 
(6.7)
0.006-0.0101 0.18-0.47
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From Equation (3.31), the liquid properties of 
Cp , a, and are determined for the bulk liquid 
conditions of 100°C and atmospheric pressure, and are 
independent of the boiling surface temperature. The proper­
ties pv and h^g are determined at the boiling surface tem­
perature and therefore are dependent on it. For the limited 
range of the boiling surface temperature used, 103.1°C to 
115.7°C, h^g varies by less than 2% while the term (p£~Pv)
varies by less than 0.1%. Also the constants g and g arec
temperature independent so that Equation (3.31) can be 
reduced to the form
c . , - C s f ^ c ,
or
1
<t> = C„ (T7)r (6.5)
By comparing Equations (6.1) and (6.3) it is 
noted that
B 1r .... (6.6)
and from Equations (6.2) and (6.6)
5.71 + 0.000548 6 - 0.000114 6 'l
• • • • (6.7)
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This analysis could be extended to derive an 
expression for Cg^ as a function of 6 using Equations 
(6*1), (6.3) and (6.4), but a more convenient relation 
is obtained by direct substitution of the data of Section
6.2 into Equation (3.31). On substitution of all variables, 
the constant Cg^ has been calculated for each boiling sur­
face inclination. Using the least squares computer pro­
gramme of Appendix 12, a mean deviation of 4.3% was obtained 
for the linear relation
C f = 0.0101 - 0.000022 6 ....(6.8)
Equation (3.31) can now be used to correlate pool 
boiling heat transfer data for any inclination of the 
boiling surface by substituting in it the empirical con­
stants r and Cg^ from Equations (6.7) and (6.8). The 
constants derived from these equations are compared with 
those calculated by others for horizontal boiling surfaces 
in Table 6.1.
6.6. Incipience Temperature for Boiling
To determine the incipience temperature for nucleate 
boiling on an inclined heated surface, a test was conducted 
to determine the minimum heated surface temperature required 
for initiation of vapour growth. A nichrome V surface was 
prepared using the 600 grit surface finish procedure. A
0.36 mm diameter hole was then drilled in the surface to
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provide a cavity of known dimensions for all tests, and 
to provide preferential boiling at that location.
The heated surface temperature was slowly increased 
until vapour bubbles began to grow on the surface. During 
the test, difficulty was experienced in determining the 
exact temperature required for incipience of boiling. For 
small heated surface temperatures, bubbles were formed 
apparently at random with no regular frequency of departure. 
Then as the heated surface temperature was increased slightly, 
bubbles began to grow on the surface but remain attached 
for long periods before departure. A further increase in 
surface temperature caused bubble waiting periods and growth 
periods to increase in regularity until a steady stream of 
bubbles left the nucleating cavity at constant frequency.
It was found that the heated surface temperature necessary 
to provide a steady stream of bubbles with departure fre­
quency of 2 per second could be accurately determined. This 
criterion of incipience provided a means of comparing in­
cipience temperature for each inclination although it is 
somewhat higher than the minimum temperature required to 
provide initiation of vapour growth as predicted by Equation 
(3.10). Similar difficulties were experienced in Reference 
30 for the incipience study where a similar incipience 
temperature criterion was adopted.
When a departure frequency of about 2 bubbles per 
second was achieved, the number of bubbles departing the 
nucleation site was counted over a 30 second period and
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the temperature adjusted until the correct frequency was 
obtained. No results could be obtained for complete in­
version of the surface, 0 = 180°, because the bubbles re­
mained suspended under the heated surface without leaving 
the nucleating cavity.
From the data of Appendix 16.4, it is found that 
the temperature required to provide steady bubble emission 
decreases as the heated surface inclination increases. 
Therefore, it can be deduced that a smaller incipience 
temperature is required for larger values of 0.
6.7. Nucléation Site Density
To study nucléation site density for all inclines 
of the boiling surface, a 600 grit nichrome V surface was 
prepared. The heat flux was maintained at a constant value 
of 7.44 watts/cm2 while the boiling surface temperature and 
number of nucleating cavities were recorded for boiling sur­
face inclinations of 0°, 30°, 60° and 75°. The results are 
listed in Appendix 16.5 and graphed in Figure 6.5. Larger 
values of 0 could not be studied because the interference 
between growing and departed vapour bubbles prevented reliable 
counting of the nucléation sites.
Again it is noted that boiling surface temperature 
decreases as the boiling surface inclination increases under 
constant heat flux conditions. In addition, the number of
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nucleating cavities, and thus nucleation site density 
remained unchanged for varying inclination.
Further tests were conducted using a 240 grit 
surface preparation, by varying the heat flux for boiling 
surface inclinations of 0°, 30° and 60°,
The results of these tests are plotted in Figure
6.6, and it is again found that for the surface angles used, 
and for a particular heat flux, the nucleation site density 
is independent of the inclination of the boiling surface.
Thus heat flux and nucleation site density are related and 
a correlation on this basis can be established. In this 
respect an empirical equation of the form
G 2<t> — G^n .,.. (6.9)
has been used in References 2, 36 and 61. From the data 
of Figure 6.6 and the least squares computer programme, the
nvalues of Gt and 2 in equation (6.9) were calculated at 
0.154 and 1.61 respectively, with a mean deviation of 4.3%.
QThe values of the exponent 2, from References 2, 36 and 
61, ranges from 0.49 to 1.0 when using a very smooth 4/0 
boiling surface. To compare the results more closely, further 
tests were conducted using the 600 grit surface preparation. 
The data, listed in Appendix A16.5, yields a curve of best
Qfit with coefficients G x = 0.26 and 2 = 1.54 and a mean 
deviation of 4.8%. The equations of best fit are similar 
for both surface finishes, and these were considerably rougher
HE
AT
 
FL
U
X,
 
0 
(w
at
ts
/c
m
2
)
2 0
15
IO
9
8
7
6
5
4
3
240  grit surface finish
X e= o°
2 3 4 5 6 7 8 9 IO 15 20
NUCLEATION SITE DENSITY, n (cm'2 )
FIG.67 Heat Flux versus Nucléation
Site Density on Log-Log Axes.
HE
AT
 
FL
UX
, 
0 
(w
at
ts
/c
m
2)
4 5 6 7 8 9 IO II 12 13 14 15 16
NUCLEATION SITE DENSITY, n (cm-2)
FIG.6 8 Heat Flux versus Nucléation Site 
Density on Log-Linear Axes.
73
than those used in References 2, 36 and 61.
If the data for nucleation site density is 
correlated using equation (6.9), a log-log plot should 
reveal a linear relationship. However, such a plot in 
Figure 6.7 of the results of test E2 in Appendix 16, re­
veals a curve which is concave upwards. Similar curvature 
is found for curves from the results of test E3 in Appendix 
16, which suggests a different form of empirical relation 
may provide a better correlation. Thus a plot of log <J> 
versus n yields a linear relationship for both tests in 
Figure 6.8 with mean deviations of 2.8% and 2.6% for the 
following relations.
For a 240 grit surface finish
4 = 1.22 EXP (0.161 n) ....(6.10)
For a 600 grit surface finish
<J> = 1.8 EXP (0.154 n) ....(6.11)
It has been shown by the present author, Reference 
62, that the general form of equations (6.10) and (6.11) 
provides a better correlation for nucleate pool boiling 
data as noted by the improved mean deviation. The equations 
are valid for all boiling surface inclinations in the range
0 ^ 6 ^ 75°
TABLE 6.2
LATENT HEAT TRANSPORT FROM 
INCLINED BOILING SURFACES
Boiling Surface 
Inclination
Percentage of the total heat 
transfer due to latent heat 
transport
0 12.0%
45 9.2%
90 5.7%
135 1.8%
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6.8, Latent Heat Transport
The percentage of heat transfer due to latent 
heat transport can be determined using the results from 
high speed photography as described later in Sections 7 
and 8.
This rate of heat transfer due to latent heat 
transport has been shown previously to be given by
IT
z P D ' fg v__b
t + t w g
(3.34)
On substitution of the results of Appendix 16.7.2, 
this energy transfer can be calculated as a percentage of 
the total heat flow for each inclination of the boiling 
surface. The results are included in Table 6.2. for all 
inclinations of the boiling surface. They cannot be ex­
tended for 0 = 180° because a departure diameter does not 
exist for this orientation, Section 4.4.7. and 8.5.
It is noted from Table 6.2. that as the boiling 
surface inclination increases, latent heat transport plays 
a decreasing role as a means of energy transport.
6.9. Liquid Temperature Profiles
An indication of the changing heat transfer mechan­
isms for variations in the inclination of the boiling surface
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can be obtained from the temperature profiles of liquid 
near the boiling surface.
A boiling surface was prepared using 240 grit 
emery paper, and four thermocouples were attached at known 
distances above the nichrome V. The boiling surface tem­
perature was adjusted to the maximum which could be main­
tained for all inclinations without fear of burnout under 
the severe conditions experienced with the downward facing 
orientation. The temperature chosen was 108.3°C and this 
was adjusted between each test to provide the same boiling 
surface temperature for inclination of 0°, 90° and 180°.
The temperature profiles graphed in Figure 6.9. 
indicate that cooler bulk liquid penetrates closer to the 
boiling surface as its inclination increases. A similar 
variation in temperature profile was noted by Eckert and 
Soehnghen, Reference 63, when studying laminar flow of air 
over a horizontal heated cylinder.
For an upward facing boiling surface, the sheltering 
of convection currents by the araldite support reduces the 
cooling capacity of the system with the result that warmer 
liquid is found near the boiling surface. As the inclination 
is changed to the downward facing orientation, the boiling 
surface is exposed directly to rising convection currents 
which provide a more efficient cooling of the surface. During 
the tests, the heat flux had to be increased for the 0 = 90° 
test, then again for the 0 = 180° test in order to maintain
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the boiling surface temperature at 108.3°C. The varying 
heat flux for the three inclines tended to reduce any 
variation in temperature profiles which are therefore more 
pronounced than appears in Figure 6.9.
6.10. Concluding Remarks
Convection cooling plays a major role in the heat 
transfer mechanisms associated with pool boiling. Variations 
in the required boiling surface excess temperature, liquid 
temperature profiles and latent heat transport indicate 
that convection is mainly responsible for the variation in 
the rates of heat transfer with boiling surface inclination.
A horizontal heating surface facing upwards tends 
to be sheltered from convection currents as they move around 
the insulated faces of the heated ribbon. As the boiling 
surface inclination is increased it becomes more exposed to 
rising convection currents resulting in cooler bulk liquid 
moving closer to the boiling surface. This more favourable 
temperature profile provides a higher convective heat trans­
fer coefficient whereas the latent heat transport decreases. 
Convective cooling is also responsible for the unexplained 
variations in heat transfer on inclined boiling surfaces for 
the film boiling studies of References 46 and 51.
As the heat flux from the boiling surface is in­
creased, nucléation site density and bubble departure fre­
quency increase, resulting in increased latent heat transport
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and larger volumes of vapour near the boiling surface.
The vapour has minimal effect on upward facing surfaces 
where bubbles can escape, but as the surface inclination 
is increased beyond the vertical, departed vapour bubbles 
slide along the boiling surface rather than away from it, 
Appendix 17. The increased volume of vapour on the boiling 
surface for downward facing orientations tends to insulate 
the boiling surface from the cooler bulk liquid, severely 
restricting the rate of heat transfer. This effect has 
been shown to be significant from burnout observations made 
in Appendix 13.
The two effects mentioned above contribute to the 
boiling curve shapes illustrated in Figure 6.4. For a low 
surface temperature, the volume of vapour in contact with 
the boiling surface is small providing a minimal insulation 
of the surface. Under these conditions, convection cooling 
is largely responsible for the improved energy exchange 
for downward facing boiling surfaces. As the surface tem­
perature increases, the insulating effect of the vapour 
increases for downward facing orientations and reduces the 
convection cooling advantages. The net result is a closer 
grouping of the boiling curves for high heat flux with still 
a more efficient energy exchange for downward facing surfaces. 
The major disadvantage of downward facing orientations is the 
onset of burnout for lew values of boiling surface tempera­
ture and heat flux, Appendix 13.
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The Rohsenow correlation equation for pool 
boiling is useful in correlating data for all inclines 
of the boiling surface, providing the variations in the 
empirical coefficients with surface inclination are 
recognized*
Heat flux from a boiling surface is found to 
be dependent on the number of active nucléation cavities. 
Under constant heat flux testing, the nucléation site 
density is found to be independent of boiling surface 
inclination while the incipience temperature appears to 
decrease as surface inclination increases.
Thus, it is found that the inclination of the 
boiling surface affects a number of heat transfer mech­
anisms which collectively provide the heat transfer 
characteristics of Figure 6.4.
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SECTION 7
EXPERIMENTAL INVESTIGATION OF VAPOUR BUBBLE DYNAMICS
7,1. High Speed Cinematographic Equipment
The incipience, growth and departure of vapour 
bubbles from an inclined boiling surface is analysed here 
with the aid of high speed cinematrography.
A 16 mm Hycam high speed motion picture camera, 
model K2004E-230, was used with a Schneider Tele-Xenar 
1:4.0 150 mm lens and 96 mm of extension tubes. The camera 
incorporates electronic speed control and has a high speed 
rotating prism optical head to provide framing rates of up 
to 11000 sec \  Reference 64. The long focal length lens 
enabled a viewing area of only 13.5 mm x 8.5 mm to be re­
corded while the extension tubes facilitated focussing at 
close range.
The boiling surface was illuminated by a Philips 
1000 watt Quartz Halogen light, together with two Philips 
500 watt Agraphoto filament lamps. The low light output 
available from these sources necessitated a shadographic 
exposure technique to be used, as is outlined in Section 7.2. 
A shadow technique was chosen for photographing the vapour 
bubbles because it provided sharp contrast and fine resolu­
tion between the vapour and liquid, and enabled the optimal 
framing rate, to be utilised for the available light inten­
sity. The light intensity on the boiling surface was 
measured by extrapolating the light reading from a Weston
Quartz Halogen 
Light --------
Window
Boiling
Surface
FIG.7
Lensed Sheeting
I Photographic Equipment for the 
Shadographic Exposure Method.
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Master V, model S461.5 light meter.
Kodak Tri-X reversal film, type 7278, was used in 
all tests in lengths of 30 metres. It had a nominal film 
speed of 200 A.S.A. Any errors introduced in extrapolation 
of the light reading were minimal because of the good re­
ciprocity characteristics of the film, Reference 65.
A timing light generator which provided pulses of 
+ 100 volts at a frequency of 100 Hz was used to trigger 
a discharge tube in the camera. Timing marks from the dis­
charge tube, produced on the edge of the film, enabled cal­
culation of the precise time increment between each exposed 
frame.
The processed film was analysed on a 3M brand 
micro-film reader-printer, model 500, which provided an 
overall magnification of 15.3. over the original bubble size.
7.2. Shadographic Exposure Technique
As shown in Figure 7.1, the 1000 watt quartz 
halogen light was directed through the water via the two 
windows in the tank, directly into the camera lens. Clear 
lensed sheeting was placed between the quartz halogen light 
and the tank to diffuse the light and provide a white screen 
of uniform illumination. Two 500 watt filament lights were 
placed on the same side of the tank as the movie camera, and 
directed back through the boiling water towards the illuminated
screen.
FIG.7-2 Single Frame of the High 
Speed Cine Film (©  = 0 ° ) .
81 -
With this arrangement, light passed freely through 
the liquid to provide a white area on the reversal pro­
cessed film. As a vapour bubble moved between the camera 
and illuminated screen, light was deflected at the vapour- 
liquid interface providing a black void on the film. The 
resulting fine resolution between the liquid and vapour 
enabled precise measurement of bubble dimensions and dis­
placements from the exposed films. A single frame of the 
film has been reproduced in Figure 7.2. and Reference 66, 
while a section of the high speed film for each boiling 
surface inclination is included here in Appendix 17.
7.3. Exposure Corrections
The use of extension tubes reduces the effective 
aperture of a lens system, and a correction must be applied 
to the exposure. The effective aperture of the lens-extension 
tube combination is related to the aperture of the lens by 
the relation
Fe F
fl + e
f * (7.1)
The time duration of exposure of each film frame 
is determined by a rotating mirror shutter mechanism of 
the camera. The exposure time for each frame is related 
to the film framing rate by the expression
Et = --- (7.2)
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Thus for the Hycam movie camera used here, the film 
framing rate becomes, Reference 4,
F = 1 --- (7.3)r 2,5
The exposure corrections of Equations (7.1) and 
(7.3) were applied to the aperture and framing rate to 
determine the required exposure for each test.
7.4. Description of Test Procedures
After taking a trial high speed film to determine 
the required framing rate and exposure, a series of tests 
were designed to analyse the life cycle of vapour bubbles 
for different inclinations of the boiling surface.
A 600 grit surface was prepared and a 0.36 mm 
diameter hole drilled in the centre of the ribbon. The 
hole was the smallest that could be readily drilled and it 
provided preferential boiling at a particular location on 
the boiling surface. After the standard degassing procedure, 
the boiling surface temperature was adjusted so that it pro­
vided a regular stream of bubbles for all surface inclina­
tions, without initiating other nucleation cavities near 
the test site. The boiling surface temperature used was 
103°C for all tests.
The film was loaded in the camera and the focus
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and exposure adjusted. A framing rate of 2500 frames
per second was used when the boiling surface was inclined
at 0°, 45°, 90° and 135°. This required an aperture of
F4.5 after application of the exposure corrections of
equations (7.1) and (7.3). When the boiling surface
inclination was 180°, downward facing horizontal a framing
-1rate of 500 sec was used with an aperture of Fll.
Following adjustment of the surface temperature, 
a period of ten minutes was allowed to obtain steady state 
operation, and all data was recorded, Appendix 16.7. The 
immersion heaters were switched off immediately before 
each test to ensure that no externally induced convection 
currents remained in the tank. After a final check of the 
boiling surface temperature, and bulk liquid temperature, 
the lights were switched on and the camera started. The 
time duration for exposure of each film was 2.5 seconds. 
After each test run, the boiling surface inclination and 
temperature were adjusted, and the above procedure repeated.
A micro-film reader was used to analyse the films 
frame by frame. The magnification was determined by 
measuring the diameter of a wire photographed in the plane 
of focus for the test with 0 = 45°. The camera position 
was unchanged for each test so the magnification was identi­
cal for all tests.
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7.5. High Speed Cine Film
The effects of boiling surface inclination on 
the vapour bubble life cycle can best be understool by 
examining the high speed cine films described in Section 
7.4* A single 30 metre length of film has been made from 
short lengths, showing boiling at each incline. The in­
clusion of the cine film in Appendix 17 to supplement the 
descriptions made in Section 8 was considered more informative 
than the reproduction of a series of frames from the films.
7.6. Equivalent Bubble Radius
In most experimental investigations involving the 
use of a horizontal, upward facing boiling surface, it has 
been assumed with small error, that vapour bubbles are 
spherical. As the boiling surface inclination is varied, 
the bubble shape departs substantially from sphericity, 
Appendix 17, so that a new assumption is required to enable 
the size of a vapour bubble to be indicated by a single 
dimension.
Following examination of the high speed cine films 
for all surface inclinations, it was found that the bubble 
shape approximated an ellipsoid with an axis of symmetry 
normal to the boiling surface. The assumption of spherical 
vapour bubbles could then be considered as a particular case 
of the ellipsoid. The equivalent radius of a vapour bubble,
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R, is defined here as the radius of a spherical bubble 
having the same volume as the ellipsoidal bubble measured 
from the high speed film.
The volume of the ellipsoid is determined by 
measuring the overall dimensions of the bubble parallel, 
alf and perpendicular, a 2, to the boiling surface. The 
volume of the ellipsoid with an axis of symmetry normal 
to the boiling surface is given by
Volume = I- ax2 a 2 ....(7.4)
The volume of the comparable sphere is identical 
to the volume of the ellipsoid, so that
4
I TT R 3 .... (7.5)
or
2 i
p = (ai a 2}
2 (7.6)
If the film is viewed with an overall magnification, 
m, the equivalent radius of vapour bubbles growing on, and 
departing from the boiling surface is given by
a ±
R = (a! ___ (7.7)
2 m
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SECTION 8
RESULTS AND DISCUSSION OF 
VAPOUR BUBBLE DYNAMICS INVESTIGATION
8.1. Vapour Bubble Waiting Period
The mean bubble waiting period was calculated 
from the high speed cine film for each boiling surface 
inclination. Each film was analysed one frame at a time 
until the frame was located at which the bubble lost con­
tact with the boiling surface. The time lapse between 
one bubble leaving the surface and the beginning of vapour 
growth of the next bubble at the nucléation cavity was 
measured. This waiting period was determined for a large 
number of bubbles and the average calculated for each 
incline. The results are listed in Appendix 16.7.2. For 
boiling surface inclinations of 0° and 45®, the detachment 
of one bubble and the incipience of the next were found 
in successive frames. The time increment between each frame 
was 0.4 milli-seconds so that for these inclinations the 
bubble waiting period was less than 0.4 milli-seconds.
For other inclinations it was found that the bubble waiting 
period increased with increasing values of 6.
The results of this analysis are consistent with 
those of Williams and Mes 1er, Reference 56, who observed 
longer waiting periods for vertical boiling surfaces than 
for horizontal upward facing surfaces. The variation was
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attributed to the bubble departure characteristics for 
each inclination. This explanation is further considered 
in Section 8.5.
As noted from the temperature profiles of Figure 
6.9, cooler bulk liquid moves closer to the boiling surface 
as its inclination increases. Because the liquid near the 
surface is cooler, a longer time is necessary to heat the 
water to the temperature required for incipience of bubble 
growth, equation (3.10). This results in a longer bubble 
waiting period as the boiling surface inclination increases. 
This trend has been verified experimentally.
A theoretical model was presented in Section 4.1. 
to determine the bubble waiting period. The first boundary 
condition applying, viz,
T(0, ó) = T
00
is most closely met for the downward facing horizontal 
boiling surface. In this case the temperature of the liquid 
which replaces the volume previously occupied by vapour, is 
a minimum. For other boiling surface inclinations, the 
incoming liquid which is at corresponding higher temperatures, 
causes a deviation from the requirements of the first boundary 
condition. Therefore the theoretical waiting period can be 
calculated for 0 = 180°, but a detailed analysis of liquid 
temperature versus time would be required to extend the 
calculations for other angles. The description of experiments
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for attempting such an analysis is included in Appendix 14,
From the theoretical analysis of Section 4,1, in 
association with the computer programme of Appendix 3, 
the vapour bubble waiting period for a horizontal boiling 
surface facing downwards, is found to be 11.95 milli-seconds. 
This compares favourably with the experimentally determined 
value of 13.6 milli-seconds.
8.2. Initial Bubble Radius
The equivalent radius of vapour bubbles for the 
initial or incipience conditions has been determined for 
each inclination of the boiling surface. The film was 
examined to find the first frame showing vapour in contact 
with the surface at the end of the waiting period. The 
dimensions of the bubble were measured and the equivalent 
radius calculated by the method outlined in Section 7.6.
From the results listed in Appendix 16.7.2, the 
initial bubble radius decreases as the boiling surface 
inclination increases. The initial bubble radius is 
strongly influenced by the amount of vapour retracting to 
the artificial nucleation site after bubble departure. In 
Section 8.5. it is shown that the reduction in initial 
bubble radius is caused by changes in the bubble departure 
mechanism for each boiling surface inclination.
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8.3. Vapour Bubble Growth Rates
8.3. 1. Initial Bubble Growth
During the initial stages of vapour bubble growth, 
the dimensions are very small and the growth velocity very 
large. The image magnification and framing rates required 
to effectively analyze the initial bubble growth are beyond 
the present capabilities of high speed cinamatography, 
Reference 22. Similar difficulties were experienced with 
the computer programmes developed to predict initial bubble 
growth, Appendices 4, 5 and 6, where it was found that time 
increments of one microsecond or less were required for 
computation of the rates of vapour growth. Therefore, the 
initial bubble growth predicted theoretically from the 
analysis of Section 4.2. is included in Appendices 4, 5 and 
6 but could not be varified experimentally.
8.3. 2. Asymptotic Bubble Growth
The growth rate of vapour bubbles was determined 
by measuring the overall dimensions of vapour bubbles and 
calculating the equivalent radius from Equation (7.7). The 
time scale was measured from the timing marks on the film, 
the last frame showing the previous vapour bubble attached 
to the surface being designated the time origin t = 0.
The rate of bubble growth was measured for a mini­
mum of five bubbles, and the bubble having the rate closest
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FIG.81 The Growth of Vapour Bubbles on 
Inclined Heated Surfaces at I03°C  
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to the mean was chosen for the particular boiling surface 
inclination. Data was collected for all inclinations, 
Appendix 16.7.3, but for 6 = 180°, only three vapour 
bubbles could be analysed. The recorded data is illus­
trated in Figure 8.1.
From Figure 8.1, it is noted that the rate of 
growth of vapour bubbles decreases as the boiling surface 
inclination increases. This is to be expected since it 
was shown in Figure 6.9. that the liquid near the boiling 
surface becomes progressively cooler as the inclination 6 
increases. For a horizontal upward facing boiling surface 
the warm liquid allows rapid growth of the vapour, whereas 
for downward facing surfaces, cooler surrounding liquid 
reduces the rate of evaporation and thus vapour growth.
The reduction in bubble growth rate with increasing 
6 agrees with the theoretical predictions of Figure 4.6. To 
compare the results more closely, the area factors K x and K 2 
are required for substitution into Equation (4.47). These 
area factors were defined from
A
= K, - K 2 R .... (4.38)
” TL
and provide a measure of the ratio of the apparent bubble 
contact area over the bubble thermal layer area. From the 
high speed film, an estimate of the ratio of areas was made 
for all bubbles analysed at each surface inclination, and
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the constants determined from the least squares computer 
programme* The calculated values of and K 2 are included 
in Appendix 16.7.4.
The theoretical bubble growth rates determined 
from both the development of the Forster and Zuber method, 
Equation (4.21), and the heat conduction model, Equation 
(4.47) are compared with the theoretically observed growth 
rates for each boiling surface inclination in Figures 8.2. 
to 8.6.
For all boiling surface inclinations, the heat 
conduction model of Equation (4.47) predicts asymptotic 
bubble growth more accurately than the development of the 
Forster and Zuber method, Equation (4.21). The Forster 
and Zuber method does not take into account the super­
heated liquid layer surrounding a vapour bubble and the 
heat input from the boiling surface. These factors have 
lead to bubble radii smaller than the actual case for in­
clinations of 0 = 0°, 45° and 90°.
In contrast, the heat conduction model of Section 
4.3.2. predicts the growth of vapour bubbles with acceptable 
accuracy. It is noted that for all inclinations the 
theoretical radius is larger than the actual case initially, 
and then becomes smaller as the bubble approaches departure. 
The former effect may be caused partly from the neglect of 
evaporation of the microlayer in the bubble growth model.
As noted in Section 4.3.2. evaporation of the microlayer
TABLE 8.1
COEFFICIENTS J t AND J 2 FOR EQUATION (8.1)
Boiling Surface 
Inclination, 0 J 2
0 4.07 0.354
45 3.44 0.329
90 3.13 0.316
135 2.33 0.346
180 2.18 0.341
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is present but it has only a small effect on bubble growth 
characteristics, Reference 12.
As the bubble becomes large, the liquid temperature
surrounding it is greater than the assumed value of T ,
00 r
Figure 4.5. This discrepancy causes smaller radii to be 
predicted from the model than are actually observed.
A relation of the form
J 2R B J, t ___ (8.1)
has been suggested, Reference 10, for horizontal boiling 
surfaces with the exponent J 2 in the range 0.3 to 0.7.
From the high speed film, the "constants" C x and C 2 have 
been calculated from the data of bubbles measured at each 
boiling surface inclination, and included in Table 8.1.
The exponents are within the range suggested in Reference 
10 for nucleate boiling of water on a horizontal upward 
facing boiling surface.
8.4. Bubble Shape
The shape of vapour bubbles, attached to the 
boiling surface have been examined to determine their 
variation with time. The bubble shape factor S is calcu­
lated as the ratio of bubble dimensions parallel and per­
pendicular to the boiling surface, and graphed in Figure 8.7.
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Initially, the bubble shape factor S is smaller 
as boiling surface inclination increases. This is con­
sistent with the effect noted in Section 8.2. where the 
initial radius decreased for the same variation in surface 
inclination. It is also found that the shape factor S 
approaches a larger value with increased surface inclination. 
For an upward facing boiling surface the vapour distorts 
upwards causing S to decrease. For downward facing surfaces, 
the bubble is trapped under the boiling surface and the 
vapour spreads along it with a corresponding larger shape 
factor, Figure 8.7.
To consider further the bubble shape for each 
boiling surface inclination, the bubble contact angle, 8, 
was measured on the upper and lower extremities, Figures
4.10. and 4.11. This information was averaged for a large 
number of bubbles and is listed in Appendix 16.7.6. It 
is apparent from the high speed film that the bubble contact 
angle varies around the bubble for inclined surfaces and is 
constant only for horizontal heated surfaces. It is this 
variation in contact angle 6 which prevents the Fritz 
Equation, (3.21) from being used to determine the radius of 
bubbles departing the boiling surface for all inclines. The 
Fritz equation is applicable only to a horizontal upward 
facing boiling surface, where the angle 6 remains constant 
around the bubble extremity, Figure 4.10.
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8.5. Bubble Departure
The equivalent radius of vapour bubbles departing 
the boiling surface for each inclination has been determined 
from the high speed films, using the method described in 
Section 7.5. The departure radius data, listed in Appendix 
16.7.2, represents the mean radius of a large number of 
bubbles measured for each inclination.
For 9 = 0 ° ,  the observed departure radius of 1.36 mm 
is slightly larger than 1.14 mm, the value predicted theoreti­
cally in Section 4.4.7. Also, for a vertical boiling surface 
the actual radius of 0.99 mm compares reasonably well with 
the theoretical value of 0.91 mm. For the downward facing 
orientation, the non-existence of a departure radius was 
predicted by the theoretical departure model, Section 4.4.7.
From the high speed cine film of Appendix 17, the 
bubble departure mechanism is seen to be strongly dependent 
on the inclination of the boiling surface. For a horizontal 
upward facing surface the bubble assumes a spherical shape 
because surface tension dominates in the early stages of 
asymptotic growth. As the volume increases, the buoyant 
i forces increase until they approach the magnitude of the 
surface tension forces. The result is a distortion of the 
bubble with a vapour neck joining it to the nucleating cavity 
in the boiling surface. As the buoyant and drag forces 
increase in magnitude the vapour neck narrows and elongates 
until bubble departure occurs. This is when the neck is
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reduced to the diameter of the artificial cavity. During 
breaking of the vapour neck, a very definite snapping 
action is observed, when most of the vapour retracts to the 
bubble, causing an oscillatory motion as it rises, and a 
small amount of vapour retracts to the artificial cavity.
For a boiling surface inclination in the range 
0 < 0 < 90°, the vapour bubble slides along the boiling 
surface during growth until it is restrained on its lower 
contact edge by the nucleating cavity. At bubble departure, 
a less pronounced snapping action occurs across a diameter 
again equal to the diameter of the artificial cavity, and 
the vapour then leaves the boiling surface as it rises.
For downward facing surfaces in the range 90°
< 0 < 180° bubbles form and again slide along the boiling 
surface but are restrained by the nucleation cavity. They 
later experience a very mild vapour snapping, with the 
diameter of the break equal to the artificial site diameter 
of 0.36 mm. The departure of the vapour from the boiling 
surface induces a tumbling motion in the bubble as it slides 
upwards, and often sweeps away other growing vapour bubbles 
in its path.
For a horizontal downward facing boiling surface, 
the vapour is trapped under the araldite support and con­
tinues to grow until the whole surface is blanketed with 
vapour. At this point, a small amount of vapour overlaps 
the edge of the araldite and is able to rise. Surface tension 
draws the rest of the vapour from the surface, leaving it
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vapour free. A departure radius does not exist for this 
orientation because the maximum volume of vapour is not 
limited by surface tension, as for other inclinations, but 
is dependent on the dimensions of the araldite support. No 
vapour snapping could be observed for the horizontal down­
ward facing boiling surface.
For all boiling surface inclinations other than 
horizontal, the vapour bubble appeared to be in contact with 
the surface over an area much larger than the area of the 
cavity. After the vapour snapping at bubble departure, the 
vapour moved freely from the boiling surface with no further 
snapping action. This would suggest that a liquid layer 
exists between the vapour and boiling surface, and the walls 
of the artificial cavity are the only completely dried out 
area at the completion of bubble growth.
The purely sliding departure mechanism observed by 
Williams and Mesler, Reference 56, for a vertical boiling 
surface was not observed here for any surface inclination.
They have stated that the sliding of vapour bubbles was res­
ponsible for the longer waiting period for vertical boiling 
surfaces. Because the same variation in waiting period was 
found here, without the aid of the sliding departure mechanism, 
it is apparent that variations in liquid temperature near the 
boiling surface are responsible for the variation in waiting 
period, and not the departure mechanism described in Reference 
56.
The diminishing vapour snapping action after de­
parture has been examined by measuring the distance the vapour 
neck has retracted up to the film frame following bubble
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departure, a period of 0,4 milli-seconds. From the results 
given in Appendix 16.7.7, it is found the vapour retracts 
a smaller amount for larger values of 0. It is not possible 
to measure the mass of vapour retracting into the nucleation 
cavity after departure although it is apparent from these 
results, that more vapour remains in the artificial cavity 
for the upward facing orientations. This variation in 
volume of trapped vapour is considered responsible for the 
variation in initial radius for each boiling surface inclina­
tion, Appendix 16.7.2. Further, from Equation (3.10), if 
less vapour remains in the cavity for downward facing 
orientations, the bubble waiting period would be lengthened 
as the boiling surface inclination increases.
8.6. Bubble Departure Correlation
The product of bubble departure frequency and 
departure diameter has been used in a number of boiling 
heat transfer correlations, References 18 and 36, and 
attempts have been made to correlate vapour bubble departure 
data on this basis, References 40 and 66.
f D, = constant (mm/sec) ....(8.2)o
This product was calculated for several bubbles 
on each inclination and the mean recorded, Appendix 16.7.8. 
For 0 = 180° the product was assumed as zero because a
SURFACE INCLINATION, © (degrees)
FIG.8 8 Bubble Departure Correlation.
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departure diameter does not exist and, ideally, the bubble 
frequency is zero.
From Figure 8.8, it is noted that the value of 
f remains constant for all boiling surface inclinations 
in the range 0 < 0 < 90°. By averaging results for all 
upward facing boiling surface inclinations, the mean 
product is 66.7 mm/sec, being slightly lower than the value 
suggested by Jakob, Reference 15, of 77.9 mm/sec. Because 
f is independent of heat flux, Reference 33, Equation 
(8.2) is applicable to all upward facing boiling surfaces, 
including the vertical, with the "constant" at 66.7 mm/sec, 
whereas for downward facing orientations, the "constant" 
from Figure 8.8. must be used.
8.7. Velocity of Departed Vapour Bubbles
It is interesting to note that vapour bubbles reach 
the same rise velocity after departure, for all upward facing 
boiling surface inclinations. After an initial 8 milli-second 
acceleration period, the bubbles attain a velocity of 0.23 
mm/sec for inclinations of 0°, 45° and 90°. Bubbles departing 
the downward facing orientation of 135° attain a velocity of 
only 0.14 mm/sec because of their sliding action along the 
boiling surface.
To provide the necessary data for the theoretical 
calculation of the vapour bubble departure radius of Section
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4.4, the convection rise velocity was determined as 0.11 
mm/sec.
8.8. Concluding Remarks
The incipience, growth and departure characteris­
tics of vapour bubbles formed during nucleate boiling are 
found to be strongly dependent on the inclination of the 
boiling surface.
As one vapour bubble breaks free from the nucléa­
tion cavity, most of the vapour recedes to the departing 
bubble, and a small amount returns to the nucléation 
cavity. It is found that as the boiling surface inclina­
tion increases, the vapour snapping action at departure 
diminishes. The smaller mass of vapour contained in the 
vapour neck suggests that less vapour remains in the 
nucléation cavity after departure. For larger boiling 
surface inclinations, the smaller mass of entrapped vapour, 
together with the cooler liquid replacing the departed 
vapour bubble, necessitates a longer bubble waiting period 
before the incipience conditions of Equation (3.10) are met.
As the boiling surface inclination 6, increases, 
the bulk liquid near the boiling surface is found to be at 
a lower temperature. The cooler liquid surrounding a growing 
vapour bubble restricts the heat flow across the vapour liquid 
interface and so the bubble growth rate is smaller for large 
values of 0. The rate of growth of vapour bubbles can be
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predicted for all inclinations of the boiling surface, 
by calculating the total rate of heat transfer into the 
bubble which is available for vaporisation of the interface. 
The heat conduction model of Section 4.3.2. is found to 
predict bubble growth rates for all boiling surface in­
clinations which are closer to the actual rates than is 
obtained from an extension of the Forster and Zuber method 
developed in Section 4.3.1.
The interaction between vapour bubbles and the 
boiling surface affects the shape of the bubbles during the 
growth and departure stages of their life cycle. For upward 
facing boiling surfaces, the vapour is free to move away 
from the surface as the volume increases. For the downward 
facing inclinations, vapour spreads along the boiling sur­
face and often sweeps away vapour bubbles growing on adjacent 
nucleation sites.
The maximum radius of vapour bubbles on inclined 
boiling surfaces can be predicted from the bubble departure 
model described in Section 4.4. For upward facing orienta­
tions, vapour is free to escape from the boiling surface 
causing no interference with other bubbles. As the boiling 
surface is rotated to downward facing, vapour bubbles are 
subject to increasing drag forces caused by increased ex­
posure to convection flow along the surface. The vapour 
bubble departure conditions are therefore achieved for smaller 
bubble radii as the inclination 6, increases.
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For a downward facing, horizontal boiling surface, 
the volume of vapour increases until its dimensions exceed 
the width of the boiling surface and insulated backing. At 
this point vapour slides off the surface and the bubble life 
cycle is repeated. For this boiling surface inclination, a 
bubble departure radius does not exist because the volume 
of vapour is restricted only by the dimensions of the boiling 
surface and its araldite support.
Bubble departure diameter and frequency can be 
correlated for all inclinations of the boiling surface using 
Equation (8.2) where the "constant" is found to be the same 
for all upward facing orientations, and decreases for down­
ward facing orientations, Figure 8.8.
As the vapour bubbles depart the boiling surface 
for upward facing orientations they reach the same upward 
velocity. For bubbles trapped under and sliding along the 
surface, the velocity is slightly less than the free rise 
velocity of upward facing surfaces.
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SECTION 9
SUMMARY OF CONCLUSIONS
The inclination of a heated surface is observed 
to be a significant parameter for consideration in any 
complete boiling analysis. It influences not only the 
heat transfer mechanisms but also the vapour bubble life 
cycle. A summary of the major effects of the boiling sur­
face inclination is outlined below.
1. If a boiling surface is rotated from upward facing 
to downward facing, the rate of heat transfer into 
the liquid increases substantially, for the same sur­
face temperature. Convection cooling is found to be 
responsible for this increase because downward facing 
surfaces are directly exposed to rising convection 
currents, so that cooler bulk liquid moves closer to 
the boiling surface. For the same variation in surface 
inclination, energy exchange due to latent heat transport 
is found to diminish, but the convection effects predomin­
ate.
2. For high boiling surface temperatures, large masses of 
vapour are formed on the surface. The upward facing 
orientations allow vapour to rise unrestricted, whereas 
for downward facing surfaces the vapour tends to slide 
along the boiling surface. The large volume of vapour 
in contact with the downward facing surface provides an
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insulating effect and reduces the convection cooling 
advantages. Vapour blanketing of downward facing 
surfaces severely restricts the maximum surface tem­
perature causing the critical heat flux to be much 
smaller as the surface inclination approaches downward 
facing.
3. The general form of the Rohsenow heat transfer corre­
lation equation is found suitable for the correlation 
of boiling heat transfer data for all boiling surface 
inclinations. Although the empirical constants of the 
correlation are found to vary with surface inclination, 
equations have been developed which enable their predic­
tion for any boiling surface inclination.
4. High rates of heat transfer in nucleate boiling result 
from the agitation of liquid by growing vapour bubbles, 
and heat flux is found to be dependent on the nucléation 
site density. However, under constant heat flux con­
ditions the nucléation site density is found to be 
independent of boiling surface inclination.
5. The one-dimensional Fourier equation for heat conduc­
tion, together with appropriate boundary conditions, 
can be used to predict successfully the waiting period 
of vapour bubbles. The boundary conditions are deter­
mined from the temperature of replacement liquid 
following bubble departure, and the incipient tempera­
ture required for vapour growth.
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6. Vapour bubble waiting period is found to increase 
as the inclination of a boiling surface increases.
This variation is caused by two factors. These are 
the lower temperature of the replacement liquid, and 
the smaller mass of vapour trapped in the nucleation 
cavity.
7. The Forster and Zuber method for the theoretical 
analysis of asymptotic bubble growth has been extended 
to facilitate a study of vapour growth for all inclina­
tions of the boiling surface. The results from this 
analysis compare well with those obtained experimentally.
8. A second analysis of asymptotic bubble growth is devel­
oped by calculating the total rate of heat transfer 
into a vapour bubble. Insertion of appropriate boundary 
conditions into the Fourier heat conduction equation 
enables calculation of heat flux across the vapour-liquid 
interface. The growth of a vapour bubble can then be 
determined by summing the heat input from both the 
surrounding liquid and the heated surface. The pre­
dicted asymptotic bubble growth from this heat conduction 
model is found to give an even closer correlation with 
the experimental findings for all surface inclinations 
than was found using the extended Forster and Zuber method.
9. Cooler bulk liquid moving closer to the boiling surface 
for increased surface inclination causes a restriction 
on the rate of growth of vapour bubbles. As boiling
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surface inclination increases, the rate of bubble 
growth decreases because of the lower temperature of 
surrounding liquid. These variations are adequately 
predicted from the vapour growth models.
10. If a boiling surface is rotated from the horizontal 
position, vapour bubbles in contact with the surface 
become distorted. Resulting variations in the bubble 
contact angle prevent the Fritz equation from being 
used to predict the diameter of bubbles leaving the 
surface. By calculating all known forces on the bubble, 
a force balance model has been developed to enable the 
maximum equivalent diameter of bubbles leaving the sur­
face to be determined for any inclination of the boiling 
surface. The predicted bubble sizes are close to those 
found experimentally.
11. The maximum equivalent bubble radius is found to decrease 
as the surface inclination increases. Rotation of the 
boiling surface from the upward facing horizontal position, 
to the vertical position, increases the bubble exposure
to rising convection currents, causing bubbles to be 
subject to additional drag forces. These forces cause 
the bubble departure conditions to be reached for smaller 
bubble radii.
12. It is found that the product of bubble departure diameter 
and bubble frequency is similar for all upward facing 
boiling surfaces, whereas for downward facing surfaces,
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the product decreases linearly with surface inclination.
On this basis, a correlation is established to predict the 
frequency of bubbles departing the surface, for the known 
equivalent bubble departure diameter.
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THICKNESS OF SUPERHEATED LAYER
APPENDIX 1
To study pool boiling on inclined heated surfaces, 
the thickness of the superheated liquid layer is required 
for all inclinations of the boiling surface. Therefore, 
a relation is sought which has general applicability for 
all boiling systems. In seeking this theoretical relation, 
two points are of note:
1. It has been shown by Marcus and Dropkin, Reference 19, 
that a linear temperature profile exists within the 
superheated liquid layer.
In adopting this for the typical time averaged 
temperature profile of Figure Al.l,
dT/̂ = constant ....(Al.l)ax
for x > 0.43 6 (ory < 0.57 <5, Reference 19)
2. During the waiting period of the vapour bubble growth 
cycle, the medium near the heated surface is entirely 
liquid. Therefore, because of the absence of vapour, 
thermal conductivity at the heating surface is a func­
tion only of liquid properties. Further, since thermal 
conductivity of liquid in the boundary layer region is 
a function of the liquid temperature, for a maximum 
excess of 20°C as occurs in the present work, the thermal
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conductivity of liquid decreases from 0.687 w/m °K 
at the heated surface to 0.681 within the bulk 
liquid.
Because the temperature profile is linear at 
the heated surface, and thermal conductivity varies by 
less than 1% for the worst case considered, the heat flow 
from the heated surface into the bulk liquid can be written 
as
qw - k£A ^  --- <A1-2>
or, from Figure Al.l.
kt6 • • • • (Al* 3)
hence the superheated liquid layer thickness is given by
k/
6 = T- < V TJ  .... (Al. 4)
The results of Equation (Al.4) can be compared 
with Reference 19 only for a horizontal heating surface, 
0 = 0 ° .  From the work of Marcus and Dropkin a mirror nickel 
plated boiling surface provided a 0.36 mm thermal layer for 
a 3°C excess temperature. In this experimental investigation 
a rougher boiling surface (600 grit emery) provided a larger 
rate of heat transfer, as would be expected from Reference 34, 
and a correspondingly smaller superheated layer thickness of
0.24 mm
120
Data is not available for other heating surface 
inclinations for comparison with Equation (Al.4)
Upon integration of Equation (Al.l), the tempera­
ture profile within the superheated liquid layer is given 
by
*T„ = T + l 00 k
w
and
dT\ = 
dx/x=6
. . .. (Al. 5)
.. . . (Al. 6)
Y â
FIG.A2 I Area of Integration of
Equation (A23).
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CALCULATION OF IERFC X
The integral of the complementary error function, 
(ierfc) in the waiting period computer programme could 
not be calculated using infinite power series expansions 
without introducing considerable error in the final com­
puter output. Therefore, the following method was adopted:
By definition, Reference 68,
APPENDIX 2
and
ierfc X = / erfc Y dY
'X
....(A2.2)
Then
too ICO
ierfc X = EXP (-Z 2) dZ dY • • • • (A2.3)
X Y
The area of integration is given in Figure A2.1. 
If the order of integration is reversed and the new limits 
determined from Figure A2.1,
f  i *ierfc X = - EXP (-Z 2) dY dZ ---(A2.4)
X X
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2
A
EXP(-Z2) (Z-x) dZ ....(A2.5)
*. ierfc X = — -EXP (-Z 2)
J x
or
EXP (-Z 2) dZ
....(A2.6)
ierfc X = i EXP(-X2) - X erfc X
A
....(A2.7)
However, by definition
erfc X = 1 - erf X ••••(A2•8)
Therefore
ierfc X = •= EXP (-X2) + X erf X - X ....(A2.9)
Now erf X can be determined from a polynomial 
relation, Reference 68,
erf X = 1 - (ax w + a2 w 2 + a3 w 3) EXP(-X2)
....(A2.10)
where
w = 1 + 0.47047 X
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and sl% = 0.3480242
a 2 = -0.0958798 
a3 = 0.7478556
Unlike the power series expansion, the above 
method allows the calculation of ierfc X with negligible 
error in a single precision computer programme.
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BUBBLE WAITING PERIOD COMPUTER PROGRAMME
APPENDIX 3
A3.1. Programme L is t in g  (FORGO S*)
C C BUBBLE WAITING PERIOD 
C CONSTANTS ARE FOR WATER AT 1CCC 
C THFT IS HFATING SURFACE INCLINATION (DEGREES) 
C FLUX IS HEAT FLUX (W/CM/CM)
C R IS INITIAL BUBBLE RADIUS (M.M. )
10 READ,THFT,FLUX,R 
PUNCH2C,THET
20 FORMAT (12HI NCLI NATI 0N=F6.1 ,7HDEGREES )
TB=.01 
TL =. COI 
TH=1 .
TEMP=.01A7237/R 
rFLTA=.2CA3/FLUX 
30 T=TB
C0EFF=1A68A.*FLUX*SORTF(. 1698E-C6*T )
SRSA=C. '
AN=C,
AC NN=*N
SW0P=(-1. )**NN 
Z1N=2.*AN*DELTA+R 
Z2N=2.*DFLTA*(AN+1 , )-R 
ZD=2.*S0RTF(. 1698*T)
Z 1 =Z 1N/ZD 
Z2=72N/ZD
Y1 =1 . / ( I  .+.A7CL7*Z1 )
Y2=1 ./  (l .+.47CA7*Z2 )
A1 =.3A802L2*Y1 -.C958798*Y1 **2+.7*t78556*Y1 **3 
ERF1 =(.56L18958-7 1*A1 )*EXPF (-Z1**2)
A2=.3 A802A2*Y2-. 0958798 *Y2**2+.7it78556*Y2**3 
ERF2 = (.56L18958-Z2*A2 )*EXPF (-72**2 )
SRS =SWOP*(ERF1 -ERF2 )+SRSA 
IF(AN)60, 60, 50
50 IF(ABSF((SRSA-SRS )/SRS )-,0C1 )7C, 70, 60 
60 SRSA =$RS
AN=*N+1 .
GO TO kO
7O RATI 0=C0FFF*(SRSA+SRS )/TEMP 
I F (RATI 0-1 . )8C, 150, 110 
80 i f (t - t l )i c c , ICC, 90
90 TL=T
IOC TB = (T +TH )/2 .
GO TO ILO
110 I F (TH-T )13C, I 3O, 120
12C TH=T
130 TB= (T +TL )/2 .
1 Ac i f (a b s f (t - t b ) - . cccci >150 , 30,30 
1 5 c T IME =T*1 CCO.
PUNCH160 T IME ,
1 60 FORMAT (F8.2,13HMI L U -SECONDS)
GO TO 10 
END
180. 1.65 .07
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A 3 . 2 .  T y p i c a l  C o m p u te r  O u tp u t
C C BUBBLE WAITING PERIOD 
INCLINATION» 18C.CPEGREES
11.95MILLI-SECONDS
O 
O 
O 
O 
O 
O
126
INITIAL BUBBLE GROWTH, EQUATION (4.13) - 
COMPUTER PROGRAMME
APPENDIX 4
A4.1. Programme Listing (FAP)
ACCI
AGIO
AC2C
AC30
ACAO
AC50
A 060
AC7C
AC8C
AC9C
A3 01
Al 13
AOCC
A12A
A120
Al 21
A123
STEP IS THE TIME INCREMENT
TEND IS THE GROWTH DURATION
R IS IN IT IA L  BUBBLE RADIUS
DR IS IN IT IA L  BUBBLE VELOCITY
P IS THE PRESSURE DIFFERENCE P (R )-P
RO IS LIQUID DENSITY
READ,STEP,TEND
READ,R,DR,P,RO
D2R»(P/R0-1.5*DR*DR )/R
T aC C
FORMAT (F11 . 6, F Î 1 .2 ,F 1 2  .2 ,7 X E 1 A .7 )
FORMAT (37H IN ITIA L BUBBLE GROWTH EQUATION (A .1 3 ))
FORMAT (3 y ^ * * * * * * * * * * * * * * * * * * * * * * * ^ ^ * * * * * * * * * *  /  /  )
F ORMAT (3X15HTI ME INCREMENT^9.6,X9H SECONDS)
FORMAT (3X15HINITIAL RADI US ̂ 9 . 6 ,  X8H METRES)
FORMAT (3X17H IN IT IA L  VE L0C ITY ^9.2 ,X 15H  METRES/SEC OND ) 
FORMAT (3X9HPRESSURE=f 9 . C.X9H PASCALS) 
F0RMAT(3X8HDENSITY^9.C,X16H KG/CUBIC METRE//)
FORMAT(3XAHTIME9X6HRADIUS6X8HVEL0CITY5X12HACCELERATION) 
FORMAT (3X9H (SECONDS )7X5H (MMS )6X7H (M/SEC )6X 11H (M/SEC/SEC 
FORMAT(7HEDIT T ^ 6.A )
DIMENSION CA(01C),0B(CC3),0C(C03),0F(CC1 ),0G(CC1 ) 
DIMENSION OS (0 0 8 ) .OT (008)
DIMENSION OX (0 1 7 U ,0 Y  (0006)
DI MENS I ON NC (001 ) , OD (0C1 )
PUNCH A010 
PUNCH A020 
PUNCH AC30,STEP 
PUNCH ACAO.R 
PUNCH AC50,DR 
PUNCH AC60,P 
PUNCH AC70,R0 
PUNCH A080 
PUNCH A090 
DO A113 N1 - 1,001 
NC (N1 )-1  
OB (CCI )-T  
OB (CC2 ) *
OB (C03)=OR
NB=2
N1 -000
OS (1 M T E P
DO A121 N2=3,0C8
0Z^I2
OS (N2 )-0S (N2-1 )*0S (1 
IF (N1)A123,A123,A2CC  
OX (0001 )-P  
OX (0002 )-0X (CCC1 )
OX (CC03 )-0B (003 )
OX (OCOA )-0X (0003 )
OX (0005 )-0X (0002 )
)/ce
★ .387000C0E+03
/RO♦.15000000E+C1 
*0B (0 0 3 )
-OX (COCA )
))
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OX (0169)-0X  (01 68 ) 
OX (0170)=*0X (0169 ) 
OX (0171 )-0X  (01 70 )
-OX (0152 ) 
-OX (0150 ) 
/OB (002 )
OA (000b )-0X  (0006 )
OA (0005 )=0X (001 If )
QA(00 06 ) -0 X (0028)
OA(0 0 0 7 )= 0 X (0049)
OA(0 0 0 8 )=0X (00 79 )
OA (0 0 0 9 )-OX (0119 )
OA (0 0 1 0 )-OX (0171 )
4200 OB (1 )-0A (1 )+0S (1 )
DO 4201 N 9 -1 .02  
OB (N9+1 )=*0A (N9+1 )
DO 4201 N8<4)9,08 
N7=4I8-N9+1
4201 OB (N9+1 )=0B (N9+1 )+0S (N7 )*0A (N8+2 )
GO TO 4123
4175 GO TO 4402
4402 PUNCH 4 3 0 1 ,TEND
I F (SENSE SWITCH 1 ) 4403,4404
4403 TYPE 4 3 0 1 ,TEND
4404 GO TO 4171
4170 IF (0B(002 ) )4 1 6 1 ,4171,4171
4171 I F (OB(0 0 2 )- .0 1  ) 4 l7 2 ,4172,4161
4172 RAD-OB(0 0 2 )*1 000 .
PUNCH4001, OB (001 ),RAD. OB (003 ) ,  OF (001 ) 
IF (SENSE SWITCH 1 ) 4405 ,4406
4405 TYPE 4 0 0 1 ,OB (001 ) , RAD,OB (0 0 3 ) ,OF (001 )
4406 CONTINUE
4174 I F (NI ) 41 50 ,4 1 5 0 ,4 1 7 6
4176 GO TO 4108  
4118 NS -1
DO 4112 N1 -1 ,001  
NP-O
4100 I F (NC (N1 ) )4112,4112,4101
4101 GO TO 4401
4401 OTP-OB (001 ) - (TEND)
4102 GO TO(4103 4111 ).NB
4103 I F (OD(N 1 )*0 T P )4 l04 ,4104,4111
4104 CONTINUE
4105 DO 4106 N2-1 .0 0 3
4106 0C (N 2)-0B (N 2)
DO 4114 N2-1 ,001
4114 0G (N 2)-0F (N 2 )
DO 4116 N2-1 .0 0 0 6
4116 OY(N2)-OX(N2)
DO 4107 N2-1 ,0 0 8
4107 0T(N 2)-0S  (N2)
OS (1 )-0S (1 )*00  (N1 ) /  (OD (NI )-OTP)
GO TO 4120
4108 DO 4109 N2 =1,003
4109 O B (N2)-0C(N 2)
DO 4115 N2-1.0C1
4115 0F(N 2)=0G (N 2)
DO 4117 N2-1 .0 0 0 6
4117 0X (N 2 )-0 Y (N 2 )
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DO 4110 N2-1 ,0 0 8
4110 0 S (N 2 )-0 T (N 2 )
NC (Nl ) - 0
GO TO 4112
4111 0D (N1)-0TP  
NS *^IS*NP
4112 CONTINUE 
N t-000  
NB-1
I F (NS) 4160 ,4160,4161
4160 GO TO 4170
4161 CONTINUE 
END
.000001 .0001
.00024 . 1 7 5  11340. 958.13
A4.2. Typical Computer Output
IN IT IA L  BUBBLE GROWTH EQUATION ( I f . 13) *************************************
TIME INCREMENT- 0.000001 SECONDS
IN IT IA L  RADIUS- 0 .000240 METRES
IN IT IA L  VELOCITY- 0 . 18 METRES/SECOND
PRESSURE- 11340. PASCALS
DENSITY­ 9 5 8 . KG/CUBIC METRE
TIME RADIUS VELOCITY ACCELERATION
(SECONDS) (MMS) (M/SEC) (M/SEC/SEC)
0 .0 0 .2 4 0 .1 8 0 .1 90 8464E+08
0.000001 0 .25 18 .29 0.1634832E+08
0.000002 0 .2 8 32 .02 0 .1 10600GE+C8
0.000003 0.31 4 0 .7 6 0.6696952E+07
0.000004 0 .3 6 45 .97 0.3967968E+07
0.000005 0 .4 0 4 9 .0 8 0.2398760E+07
0 .0 00 00 6 0 .45 5 0 .9 9 0 .1 5 0 1 162E+07
0 .000007 0 .5 0 52.21 0.9749002E+06
0 .000008 0 .5 6 53.01 0 .6556518E+06
0.000009 0.61 5 3 .5 6 0.4550388E+06
0 .0 00 01 0 0 .6 6 53 .94 C.3247123E+C6
0.000011 0 .72 54 .22 0.23 74448E+06
0.000012 0 .7 7 54.43 0.1774012E+06
0.000013 0 .83 5 4 .5 8 0 .1 3 5 0 7 63E+06
0.000014 0 .8 8 5 4 .7 0 0.1045895E+06
0.000015 0 .9 4 5 4 .7 9 0 .8 22 0193E+05
0 .0 00 01 6 0 .9 9 54 .87 0.6547442E+05
0 .0 0 0 0 17 1.05 54 .92 0.5278C55E+05
0.
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APPENDIX 5
INITIAL BUBBLE GROWTH, EQUATION (4,16) - 
COMPUTER PROGRAMME
A5.1. Programme Listing (FAP)
4001
4010
4020
4030
4040
4050
4060
4070
4073
4080
4090
4301
4113
4000
4124
4120
4121 
4123
STEP IS THE TIME INCREMENT
TEND IS THE GROWTH DURATION
R IS IN ITIAL BUBBLE RADIUS
DR IS IN ITIAL BUBBLE VELOCITY
P IS THE PRESSURE DIFFERENCE P(R)-P
RO IS LIQUID DENSITY
SI IS SURFACE TENSION
READ,STEP,TEND
READ,R,DR,P,RO,SI
D 2 R -((P -2 .*S I/R )/R 0 -1  ,5*DR*DR)/R
T=0.0
FORMAT (F11 . 6 , F 1 1 , 2 , F 1 2 . 2 , 7 X E l4 . 7 )
FORMAT (37HINITIAL BUBBLE GROWTH EQUATION (4 .1 6 ) )
FORMAT (3 7H * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  /  /  ) 
FORMAT(3X15HTIME INCREMENTAI 1 . 7 , X9H SECONDS)
FORMAT (3X15HINITIAL RADIUSA9.6.X8H METRES )
FORMAT(3X17HINITIAL VELOCITYA9.2.X15H METRES/SECOND) 
FORMAT (3X9HPRESSUREA9.0.X9H PASCALS)
FORMAT (3X8HDENSITYA9.0,XI 6H KG/CUBIC METRE )
FORMAT (3X16HSURFACE TENSI 0N A 11 .7 ,5H  N /M //)
F0RMAT(3X4HTIME9X6HRADIUS6X8HVEL0CITY5X12HACCELERATI0N) 
FORMAT (3X9H (SECONDS )7X5H (MMS )6X7H (M/SEC )6X 11H (M/SEC/SEC ) ) 
FORMAT (7HEDIT T A 6 .4 )
DIMENSI ON 0A(O1O),0B(OC3),OC(OO3),0F(O01 ),OG(OC1 )
DIMENSI ON OS (0 0 8 ), OT (008)
DIMENSI ON OX (0275 ),0Y  (0009)
DI MENS I ON NC (001 ),0D(001 )
PUNCH 4010 
4020
40 30 ,STEP 
40 40 ,R 
4050,DR 
4 0 6 0 ,P 
4070 ,RO 
40 73 ,SI 
4080
PUNCH 
PUNCH 
PUNCH 
PUNCH 
PUNCH 
PUNCH 
PUNCH 
PUNCH 
PUNCH 4090 
DO 4113 N I-1,001  
NC (NI ) - l  
OB (001 )=T 
OB (002 ) A  
OB (003) AR  
NBA 
N I-000  
OS (1 )ATEP  
DO 4121 N2-2.0C8 
0Z=N2
OS (N2 )-0S (N2-1 )*0S (1 )/QZ 
IF (NI )4123,^123,4200  
OX (0001 )=6I 
OX (0002 )=0X (0001 )
OX (0003 )-P  
OX (0004 )=0X (00Q3 )
*.20000000E+01
/OB (002 )
-OX (0002 ) 
*.38708800E+03
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KO
140
OB (N9+1 J- i»  (N9+1 )
DO « 0 1  N 8 ^ 9 ,08 
N7=^I8-N9+1
« 0 1  OB (N9+1 )-0B (N9+1 )+0S (N7 )*0A IN8+2 )
GO TO 4123
4175 GO TO 4402
4402 PUNCH 4301, TEND
I F (SENSE SWITCH 1) 4403,4404
4403 TYPE 4 3 0 1 ,TEND
4404 GO TO 4171
4170 I F (OB (002 ) )4 l 61,4171,4171
4171 I F (OB (00 2 )-.01  )4172,4172,4161
4172 RAD-0B(C02)*1000.
PUNCH4CC1, OB (001 ),RAD, OB (003 ) ,  OF (001 ) 
I F (SENSE SWITCH 1) 4405,4406
4405 TYPE 4001, OB (001 ) , RAD, OB (003), OF (001 )
4406 CONTINUE
4174 IF (N1 ) 4150,4150,4176
4176 GO TO 4108 
4118 NS »1
DO 4112 N1 =1,001 
NP-0
4100 IF(NC (N1 ))4 1 1 2 ,4112,4101
4101 GO TO 4401
4401 0TP=0B(0C1 M 0 .0 1  )
4102 GO T0(4103 4111 ),NB
4103 IF (OD (N1 )*0TP)4l 04,4104,4111
4104 CONTINUE
4105 DO 4106 N2-1,003
4106 OC(N2)-OB(N2)
DO 4114 N2 =1,001
4114 0G(N2)-0F(N2)
DO 4116 N2-1 ,0009
4116 OY(N2)-OX(N2)
DO 4107 N2-1 ,0 08
4107 OT(N2)-OS(N2)
OS (1 )-0S (1 )*00 (N1 ) /  (OD (N1 )-OTP)
GO TO 4120
4108 DO 4109 N2-1,003
4109 OB(N2)-OC(N2)
DO 4115 N2-1 ,001
4115 OF (N2 )-0G (N2 )
DO 4117 N2-1 ,0009
4117 OX (N2 )-0Y (N2)
DO 4110 N2-1 ,008
4110 OS (N2 )-0T  (N2 )
NC (N1 )=C
GO TO 4112
4111 00 (N1 )-OTP 
NS =^S*NP
4112 CONTINUE 
N1 -000  
NB-1
IF (NS ) 4160,4160,4161
4160 GO TO 4170
4161 CONTINUE 
END
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0.00009** 5 .2 7
0.000095 5 .3 3
0 .000096 5 .3 8
0.000097 5 .M f
0.000098 5.^9
0 .000099  5 .5 50.000100 5.61
0.000101 5.66
0.000102 5.72
0.000103 5 .7 7
0.0001 Oh 5 .8 3
0 .0 0 0 10 5  5 .8 8
0 .000106  5.9*f
0 .0 0 0 10 7  5 .9 9
0 .000108 6 .0 5
0 .0 0 0 10 9  6 .1 0
0.000110 6.16
. 1 8 C.9303Mt6E+03
.18 0.9096779E+03
.18 0.88963 89E+03
. 1 8 0.8702821E+C3
.19 0.8515869E+03
.19 0 .8334616E +03
.19 0 .8 15 9785E+03
.19 0.7989776E+03
.19 0.7825*»98E+03
.19 0.76657**7E+03
.19 0 .7 5 1 1082E+03
.19 0 .7 3 6 1 869E+03
.19 0 .7 21 6103E+03
.1 9 0.7C75526E+03
.19 0.693 85 06E+03
.19 0 .6805931E+03
.19 0.6677C32E+03
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APPENDIX 6
INITIAL BUBBLE GROWTH, EQUATION (4.17) -
COMPUTER PROGRAMME
A6.1. Programme Listing (FAP)
STEP IS THE T I ME INCREMENT 
TEND IS THE GROWTH DURATION 
R IS IN IT IA L BUBBLE RADIUS 
DR IS IN ITIAL BUBBLE VELOCITY 
P IS THE PRESSURE DIFFERENCE P(R)-P  
RO IS LIQUID DENSITY 
SI IS SURFACE TENSION 
XMU IS DYNAMIC VISCOSITY 
READ,STEP,TEND 
READ,R,DR,P,RO,SI,XMU
D2 R = ( ( P -( 2 .*SI+A.*XMU*DR ; / r ) /R 0 - 1  . 5 *DR*DR ) / rT _c Q
ACOl FORMAT (F11 . 6 , Fl 1 . 2 , FI 2 .2 ,7XE1A.7)
AGIO FORMAT (37HINITIAL BUBBLE GROWTH EQUATION (A .1 7 ))
4020 FORMAT (3 7H*************************************// )
AC3C FORMAT (3X15HTI ME INCREMENT=f 1 1 .7 ,9H SECONDS)
ACAO FORMAT(3 X1 5 H INI Tl AL RADIUS=F9 . 6 ,X 8 H METRES)
A050 FORMAT(3X17H IN ITIAL VELOCITY=F9.2, XI5H METRES/SECOND )
A060 FORMAT(3X9HPRESSURE=F9.C,X9H PASCALS)
A070 FORMAT (3X8HDENS I TY=f 9 .0 , XI 6H KG/CUBIC METRE)
AC73 FORMAT (3X1 6HSURFACE TENS I 0N=F11 . 7 , 5H N/M)
A076 FORMAT (3X18HDYNAMIC VISCOSITY=E1A.7 ,1 2H N.SEC./M/M/ / )  
AC8C FORMAT (3XAHTI ME9X6HRADIUS6X8HVEL0CITY5X12HACCELERATI ON )
A090 FORMAT (3X9H (SECONDS )7X5H (MMS )6X7H (M/SEC )6X11H (M/SEC/SEC ) ) 
A301 FORMAT (7HEDIT T=F6 .A )
DIMENSION QA(ClC),OB(CC3 ),OC(CC3 ),OF(OC1 ) , 0G (001 ) 
DIMENSION OS (CC8 ) , 0T (0 0 8 )
DIMENSION OX (C28A ), OY (CCI 2 )
D I MENS I ON NC (001 ), OD (001 )
DO A113 N1 =1,001 
PUNCH A010 
PUNCH A020 
PUNCH AC30,STEP 
PUNCH AOAO.R 
PUNCH A05C, DR 
PUNCH A060,P 
PUNCH A070.R0 
PUNCH AO7 3 , S I 
PUNCH AO7 6 ,XMU 
PUNCH A08C 
PUNCH A09C 
A113 NC (N1 )=1 
OB (001 )=T 
OB (002 )=*
OB (003)=<1R 
A000 NB=2
N1 =000
A12A OS (1 )=£TEP 
A1 2 C DO A121 N2 =2,008  
OZ =N2
A121 OS (N2 )=0S (N2 -1  )*0S (1 )/0Z  
I F (NI )A1 2 3 ,A 1 2 3 ,A 2 CC
Al 23  0X ( 0 C0 1 )=SI * .2 COOCOCCE +C1
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OX (C0 5 3  )=0 X (0 0 3 4 ) 
OX (0 0 5 4  )= 0 X (0 0 1 6 ) 
OX (0 0 5 5  )=0 X ( 0 0 5 4  ) 
OX (C0 5 6 )=0 X (OC2 7 ) 
OX (0 0 5 7  )= 0 X (0 0 5 6 ) 
OX ( 0 0 5 8  )=0 X (0 0 5 7 ) 
OX (CC5 9 )= 0 X (CC5 2 ) 
OX(CC6C)=*0X(0 0 5 9 ) 
OX (0 0 6 1  )=0 X (CC6 0  ) 
OX ( 0 0 6 2  )=0X (0 0 6 1  ) 
OX (0 0 6 3  )=
OX (CC64 )=>0X (0063 ) 
OX (OC65 )=0X (CC64 ) 
OX (OC66 )=0X (CC51 ) 
OX (0067 )=0X (CC66) 
OX (CC68 )=0X (0038) 
OX (0069 )=0X (0068) 
OX(CC7C)=0X(0027) 
OX (CC71 )=0X (0070) 
OX (0072 )=0X (0071 ) 
OX (CC73 )=>0X (0051 ) 
OX (OC74 )=0X (0073 ) 
OX (0075 )=0X (0074 ) 
OX (0076 )=0X (0075 ) 
OX (0077 )=0X (CC65 ) 
OX (0078 )=0X (0051 ) 
OX(CC79)=0X(0027) 
OX(CC8C)=OX(0079) 
OX (0081 )=0X (0079) 
OX (0082 )=0X (CC81 ) 
OX (CC83 )=0X (0077 ) 
OX (0084 )=0X (CC83 ) 
OX (0085 )=0X (0084 ) 
OX (0086 )=0X (CC85 ) 
OX (0087 )=0X (0086 ) 
OX (0088 )=0X (0062 ) 
OX (0089 )-0X (0034 ) 
OX (CC90)=0X (CC89 ) 
OX (0091 )=*0X (0027) 
OX (CC92 )=0X (CC91 ) 
OX (0093 )=0X (0092 ) 
OX (0094 )=0X (CC51 ) 
OX (0095 )=0X (0094 ) 
OX (0096 )=0X (0095 ) 
OX (0097 )«0X (0096) 
OX (0098 )=0X (CC87 ) 
OX (CC99)=*0X (0098) 
OX (01 CO)=OX (0099) 
OX (0101 1=0X (CI CO) 
OX (CI 02 )=0X (0101 ) 
OX (CI 03 ) =
OX ( 0 1 0 4  )=0 X (01 03 ) 
OX (0105 )=*0X (01 04  ) 
OX (01 0 6 )=0 X (0 0 8 6 ) 
OX (0 1 0 7 )=*0 X (CI 0 6 ) 
OX ( 0 1 0 8  )=0X (CC66 ) 
OX (0 1 C9 )=0X (0 1 0 8 )
* 0B (003 )
*0X (COI 2 )
+0X (CC53 )
*0X (0CC5 )
+0X (0054 )
+0X(OC55 )
-O X (0 0 5 8 )
-OX (OC55 )
-OX(CC53 )
/OB(002)
-OX (CC62 ) 
*.387088C0E+C3
/RO
*.150C00CCE+C1 
*0B (0C3 )
*0X (COI 2 )
+0X (0067 )
*0X (0020)
+0X (0068 )
+0X (0069 )
*0X (0CC9 )
+0X (C07C)
+0X (0071 )
+0X (CC72 )
-OX (0076)
*0B (003 )
*0X (001 2 )
+0X (0078 )
+0X (CC79 )
+0X (0 0 8 0  
-OX (CC82 )
-OX (0C8C )
-OX (0078 )
/OB(C02 )
*0X(0CC2 )
*0B(CC3 )
*0X (0C1 2 )
+0X (0088 )
*0X (001 6 )
+0X (0089)
+0X (0090)
*0X (C0C5 )
+0X (0091 )
+0X (0092 )
+0X (0093 )
-OX (0097 )
-OX (0093 )
-OX (0090 )
-OX (0088 )
/OB(CC2 )
-OX (CI 02 )
*.387088C0E+03
/RO
*.150CCCCCE+C1
* o b (OC3 ;
*ox (0C1 2 )
+OX (01 07 )
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OX (Cl 6 7 ) “OX (016 6 ) 
OX (0168 )=0X (0051 ) 
OX (016 9 ) -OX (0168) 
OX (017<3)=OX (Cl 69 )  
OX (0171 ) “0X (0 1 7 0  
OX (0172 )=0X (0086) 
OX (0173 ) “0X (0172 ) 
OX (01 74 )=0X (0173 ) 
OX (0175 )=0X (0174 ) 
OX (0176)=0X (0175 ) 
OX (0177 )=0X (0135 ) 
OX (C178)=0X (0177) 
OX(C179)=0X(Cl 7 8 ) 
OX (0 1 8 0 )-OX (0179) 
OX (0181 )=0X (0180 ) 
OX (0182 )=0X (0181 ) 
OX (0183 )=0X (0160) 
OX (0184 )=0X (0135) 
OX (0185 )=0X (0086) 
OX (018 6 ) -OX (0185 ) 
OX (0 1 8 7 )-OX (0051 ) 
OX (018 8 ) -OX (0187) 
OX (0 1 8 9 )-OX (0188) 
OX (0 1 9 0 )-OX (0187) 
OX (0191 )=0X (0190) 
OX (0192 )=0X (0191 ) 
OX (0193 ) “0X (0191 ) 
OX (0 1 9 4 )-OX (0193 ) 
OX (0195 )=0X (0183 ) 
OX (0 1 9 6 )-OX (0195 ) 
OX (0197) “OX (0196) 
OX (0 1 9 8 )-OX (0197) 
OX (0 1 9 9 )-OX (0198) 
OX(0 2 0 0 )-O X(0199) 
OX (0201 )=0X (0200) 
OX(02 02 )=0X (0157) 
OX (0203 )=0X (0102 ) 
OX (0204 )=0X (0203 ) 
OX (0205 ) -OX (0062 ) 
OX (02 0 6 ) -OX (0205) 
OX (0207 )-0X (0206) 
OX (0 2 0 8 )-OX (0051 ) 
OX (02 09 ) -0 X (0208) 
OX (021 0 ) -OX (0209) 
OX (0211 )=0X (0210) 
OX(02 12 )=0X (0086) 
OX (0213 )-0X (0212) 
OX (0214 )=0X (0213 ) 
OX(02 15 )= 0 X (0214) 
OX (0216 ) -OX (0215 ) 
OX (0217 )=0X (0135 ) 
OX (0218 ) -OX (0217) 
OX (0219) =0X (0218) 
OX (C22C)-OX (0219) 
OX (0221 )=0X (0220) 
OX (0222 )-0X (0221 ) 
OX (0223 )=0X (0201 )
+0X (01 64 ) 
*0X (OC38) 
+0X (01 65 ) 
+0X (0166) 
+0X (01 67 ) 
*0 X (0020) 
+0X (01 68 ) 
+0X (01 69 ) 
+0X (0170) 
+0X (0171 ) 
*0X (0009 ) 
+0X (0172 ) 
+0X (0173 ) 
+0X (0174 ) 
+0X (0175 ) 
+0X (0176 ) 
-OX (0182) 
*0B (0 0 3 ) 
*0X (0C12 ) 
+0X (0184 ) 
*0X (0027 ) 
+0X (0185 ) 
+0X (0186 ) 
+0X (0187 ) 
+0X (0188) 
+0X (0189 ) 
+0X (0191 ) 
+0X (0192 ) 
-OX (Cl 94 ) 
-OX (0192 ) 
-OX (0189 ) 
-OX (0186 ) 
-OX (0184 ) 
/OB(002 ) 
*0X (0002 ) 
*0B (003 ) 
*0X (0C12 ) 
+0X (0202 ) 
*0X (0027) 
+0X (0203 ) 
+0X (0204 ) 
*0X (0034 ) 
+0X (0205 ) 
+0X (0206) 
+0X (0207 ) 
+0X (001 6 ) 
+0X (0208 ) 
+0X (0209) 
+0X (0210) 
+0X(0211 ) 
*0X (CC05 ) 
+0X(0212 ) 
+0X(0213 ) 
+0X (0214) 
+0X (0215 ) 
+0X(0216) 
-OX (0222 )
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/OB(002 )
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OA (0006 )=0X (0051 )
QA (0007 )=0X (CC86 )
OA(00 08 )=0X (0135)
OA(0009 )= 0X (0 2 0 0 )
OA (COI C)=OX (0284)
4200 OB (1 )=0A (1 )+0S (1 )
DO 4201 N9=1,02  
OB (N9+1 )=QA (N9+1 )
DO 4201 N8=N9, 08 
N7=N8-N9+1
4201 OB (N9+1 )=0B (N9+1 )+0S (N7 )*0A (N8+2 )
GO TO 4123
4175 GO TO 4402
4402 PUNCH 4 3 0 1 ,TEND
I F (SENSF SWITCH 1 ) 4403,4404
4403 TYPE 4 3 0 1 ,TEND
4404 GO TO 4171
4170 I F (OB (002 ) )4 l 61 ,4171,41 71
4171 IF (OB (002 ) - .C l  )4 l 72,41 72,4161
4172 RAD=OB(0 0 2 )*1 CCO,
PUNCH4CC1, OB (001 ),RAD, OB (003 ), OF (001 ) 
IF (SENSF SWITCH 1 ) 4405 ,4406
4405 TYPE 4001, OB (COI ) , RAD, 0B (C03),0F (COI )
4406 CONTINUE
4174 IF(N1 ) 4150 ,41 50 ,4 17 6
4176 GO TO 4108 
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DO 4112 NI =1,001 
NP=C
4100 I F (NC (NI ) )4l 12 ,4112,41 Cl
4101 GO TO 4401
4401 OTP=OB(COI ) - (0 .0 1  )
4102 GO T0(41 03,4111 ),NB
4103 IF(0D(N1 )*0 T P )4 l 04,4104,4111
4104 CONTINUE
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DO 4115 N2 =1,001
4115 0F(N2)=0G (N2)
DO 4117 N2=1,0012
4117 OX (N2 )=0Y (N2 )
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APPENDIX 7
MEAN LIQUID TEMPERATURE 
SURROUNDING A VAPOUR BUBBLE
To obtain an expression for the temperature 
profile for nucleate boiling on a heated surface, Marcus 
and Dropkin, Reference 19, prepared a relation of the form
T
f
l
w
T00
Too (A7.1)
where D x and E 3 are constants.
From the temperature profile experiments of Section
6.9, the constants D x and E 3 for use in this equation have 
been determined for heating surface inclinations of 0°, 90°, 
180° by calculating the line of best fit through the test 
data. For inclinations of 45° and 135°, Dj and E 3 were 
calculated using graphical interpolation.
As the values of (Tw - T^), 6, D, and E 3 are known 
for the surface inclinations considered, substitution into 
Equation (A7.2) gave a series of equations of the form
= E 2 t ' y_E3 ___ (A7.2)
which defines the temperature profile outside the super­
heated liquid layer.
DI
ST
AN
CE
 ,
Bulk Liquid
FIG.A7 I Area Under the Liquid 
Temperature Profiles.
TABLE A7.1
TEMPERATURE PROFILE CONSTANTS E lr E z and E 3.
Surface
Inclination
e
E i
(mm°C)
E 2 E 3
0 0.622 0.245 0.89
45 0.56 0.205 0.93
90 0.5 0.169 0.99
135 0.44 0.122 1.09
180 0.39 0.084 1 . 2
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The mean liquid temperature surrounding a vapour 
bubble, T^, is found by calculating the area under the tem­
perature profile and dividing by the dimension 2R, Figure 
A7.1. The area is calculated by summing area 1, given by 
E| in the table A7.1, and area 2, calculated from Equation 
(A7. 2).
Therefore
Tl ~ TSAT 2R E 2 T y
-E dy
0.578
....(A7.3)
The constants E lf e 2 and E 3 are listed in Table 
A7.1. The integral of Equation (A7.3) is calculated 
numerically in the computer programme of Appendix 8, using 
the trapezoidal rule.
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APPENDIX 8
asymptotic bubble growth -
FORSTER AND ZUBER METHOD
A8.1. Computer Programme Listing (FORGO S*)
C C ASYMPTOTIC BUBBLE GROWTH 1 F+Z METHOD 
C THET IS HEATING SURFACE INCLINATION (DEGREES)
C RO IS EQUILIBRIUM BUBBLE RADIUS (M.M. )
C RI IS INITIAL BUBBLE RADIUS (M.M.)
C RF IS MAXIMUM BUBBLE RADIUS (M .M.)
C DEL IS EXTRAPOLATED THERMAL LAYER THICKNESS 
C E1,E2,E3, ARE TEMPERATURE PROFILE CONSTANTS
C XTS IS EXCESS TEMPERATURE OF THE HEATING SURFACE
10 READ,THET,RO,Rl,RF,DEL 
READ,E1,E2,E3,XTS 
PUNCH 20, THET
20 FORMAT (2 CHS UR FACE I NCLI NAT I ON=FA .0 , X, 7HDEGREES ) 
PUNCH 30
30 FORMAT (29HTIME (M.SEC. ) RAD IUS (M.M. ) )
CA=213 .37 
R=fll
AO RND=tf/RO 
RNDI=RI/RO 
AREAA=£1 
DELA=C.57*OEL 
RB=2. *R-DELA 
RBI =RB/1C.
Y1 =F2*XTS/DELA**E3 
Y6=E2*XT$/(2.*R )**E3 
TOT=C.
DO 50 I =1,9  
Al =1
XI =OELA+AI *RBI 
Yl =2 . *E2*XTS /X I **E3 
50 TOT=TOT+YI
AREAB = (Y1 +Y6+T0T )*RBI /2 .
AREA=AREAA-tAREAB
XTL=AREA/(2.*P>)
XTL=XTS
C=CA*XTL
T = ( (RND+.A3A29*L0GF ( (RND-1 . )/(RNDI-1 . ) ) ) /C ) * * 2  
60 TI =(RNDI /C )**2  
70 TI ME = (T -T I )*1 000.
PUNCH 8C,TIME,R 
80 FORMAT (F 6 .1,1 OX, F 5 .2)
R +0 • 025 
IF(R-RF)AC,AO, 10
END
c . . 0103 . 2 A 1 . 2 . 37
. 6 2 2 . 24 5 . 8 9  3 .
hS. . 0 1 03 . 2 2  1 .2 . 33
. 5 6 . 205 . 93  3 .
9 0 . . 0 1 0 3 . 2A 1 . 2 .3
. 5 . 1 6 9  . 99  3 .
1 3 5 . . 01 03 . 1 7  1 . 1 . 2 6
. 1 2 2 1 . 0 9  3 .
1 8 0 . . 01 03 . 1A 1 .1 . 2 4
. 3 9 . 0 8 4 1 . 2  3 .
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A8.2. Typical Computer Output
C C ASYMPTOTIC BUBBLE GROWTH 1 F+Z METHOD
SURFACE INCLINATION» C.DEGREES
TIME (M.SEC. ) 
C.C
.3  
. 6
1.0
1 .4
1.8 
2.2
2 .7  
3 -2  
3 -7
4 .3
4 .9
5 .5
6.1
6.8
7 .5
8.2
9 .0
9 .8
10 .6
11 .4
12.313.2
14 .2
15.1
16.1
17.1
18 .2
19.3
2 0 .4
21.5
2 2 .7
2 3 .9
25.126.4
27.6
2 8 .9
3 0 .3
3 1 .7
RADIUS (M .M .) 
.24  
.27  
.2 9  
.32  
.34  
.37  
.39  
.42  
.44  
.47  
.49  
.52  
.54  
.57  
.5 9  
.62  
.64  
.67  
.69  
.72  
.74  
.77  
.79  
.82 
.84  
.87  
.89  
.92  
.94  
.97  
.99
1.02
1 .04
1 . 0 7
1 .0 9  
1 .12 
1.14  
1 .1 7  
1 .1 9
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SURFACE INCLINATION» 4 5 .DEGREES
TIME (M.SEC. ) 
O.C
.3
.6
.9
1 .3
1 .7
2.1
2 .5
3 .0
3 .5  
4 .C  
4 .  6
5 .2
5 .8
6 .5
7 .2
7 .9
8.6
9 . A
10.2
11.0
11.8
1 2 .7  
13 .6
1 4 .615.6
16.617.6
1 8 .6
1 9 .720.8
22.023.2
2 4 .425.6
2 6 .8
28 .1
2 9 .4
30.8
32.2
RADIUS (M .M .) 
.22 
.25  
.27  
.3 0  
.32  
.35  
.37  
.4 0  
.42  
.45  
.47  
.5 0  
.52  
.55 
.57  
.6 0  
.62  
.65  
.67  
• 70 
.72  
.75  
.77  .80 
.82  
.85  
.87  
.9 0  
.92  
.95  
.97
1 .0 0
1 .02
1.05
1 .0 7  
1.10 
1 .12  
1.15  
1 .1 7  
1 .2 0
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SURFACE INCLINATION- 9C.DEGREES
TIME (M .S E C .) RADIUS (M .M .)
C.C
.3
.6
1.0 
1 .4  
1.8
2.2
2 .7
3 .2
3 .7
4 .3
4 .9
5 .5
6.1
6.8
7 .5
8.2
9 .0
9 .8
10.6
1 1 .4
12 .3
13.2
1 4 .2
15.1
16.1  
17-1
18 .2
19 .3
2 0 .4
21.5
2 2 .7
2 3 .9
25 .1
2 6 .427.6
2 8 .9
3 0 .3  
31 .7
.24  
.27  
.2 9  
.32  
.34  
.37  
.3 9  
.42  
.44  
.47  
.4 9  
.52  
.54  
.57  
.5 9  
.62  
.64  
• 67 
.6 9  
.72  
.74  
.77  
.7 9  
.82  
.84  
.87  
.8 9  
.92  
.94  
.97  
.9 9  
1.02 
1 .0 4  
1 .0 7  
1 .0 9  
1.12 
1 .1 4  
1 .1 7  
1 .1 9
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SURFACE I NOLI NATION=135.DEGREES
TIME (M .SEC . )  
C.C 
.2 
. 5  
. 7  
1 .C 
1 .h
1 . 7
2.1
2 . 5
3 . 0
3 . 5¿f.C
h . S
5 . 1
5 . 7
6 . 3
7 . 0
7 . 6
8 . 3
9 . 1
9 . 9
1 0 . 7
11.5
1 2 . 313.2
14.1
1 5 . 1
1 6 . 0
1 7 . 1
1 8 . 1
1 9 . 1
20.2 
21 .3
2 2 . 5
2 3 . 7
2 4 . 9
2 6 . 1
2 7 . 4
RADIUS (M.M. ) 
. 1 7  
. 2 0  
.22 
. 2 5  
. 2 7  
. 3 0  
. 3 2  
. 3 5  
. 3 7  
. 4 0  
. 4 2  
. 4 5  
. 4 7  
. 5 0  
. 5 2  
. 5 5  
. 5 7  .60 
. 6 2  
. 65  
. 6 7  
. 7 0  
. 7 2  
. 7 5  
. 7 7  .80 
. 8 2  
.85 
. 8 7  .90 
. 9 2  
. 95  
. 9 7  
1 . 0 0  
1 . 0 2
1 . 0 5  
1 . 0 7
1 . 1 0
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SURFACE I NCII NAT I0N=18 0 .DEGREES
TIME (M.SEC. ) 
0.0 
.2 
.4  
.6 
.9
1.2
1 .5
1 .9
2 .3
2 .7
3 .1
3 .6
4.1
4 .6
5 .2
5 .8
6 .4
7.1
7 .7
8 .4
9 .2
9 .9
10 .7
11.6
12 .4
13 .3
14 .2
15.1
16.1
17.1
18.1
19.2 
2C.3 
21 .4
22 .5
2 3 .7  
2^.9
26.1
2 7 .4
RADIUS (M .M .) 
.14  
.17  
.1 9  
.22 
.24  
.27  
.2 9  
.32  
.34  
.37  
.39  
.42  
.4 4  
.47  
.4 9  
.52  
.54  
• 57 
.59  
.62  
.64  
.67  
.69  
.72  
.74  
.77  
.7 9  
.82  
.84  
.87  
.89  
.92  
.94  
.97  
.99
1.02
1 .04
1 .07
1 .0 9
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ASYMPTOTIC BUBBLE GROWTH - 
HEAT CONDUCTION MODEL
APPENDIX 9
A9.1. Coirpater Programme Listing (FORGO S*)
C C ASYMPTOTIC BUBBLE GROWTH 11 HEAT CONDUCTION MODEL 
C THET IS THE HEATED SURFACE INCLINATION
C TV/ALL IS THE EXCESS TEMPERATURE OF THE HEATED SURFACE 
C FLUX IS THE MEAN HEAT FLUX FROM THE HEATED SURFACE 
C RI IS THE INITIAL BUBBLE RADIUS
C RF IS THE MAXIMUM BUBBLE RADIUS
C C 1 . C 2 ,  ARE THE AREA FACTORS K1 AND K2 
1C READ, THET, TV/ALL, FLUX, R I , R F ,  Cl  ,C2
2 0  PUNCH 3 0 , THET
3 0  FORMAT ( 2 CHSURFACE INCLI NAT I0N=F4 .C X.7HDEGREES//)
4 0  PUNCH 5 0
5 0  FORMAT (29HTIME (M.SEC.  ) RADI US (M.M. ) / )
DELTA=C.C681*TWALL/FLUX 
Tl ME= 0 . 0  
RAT2=C1/C2 
6 0  TOTAL=C.0
A=EXPF ( -C2*FLUX*TIME* 0 . 0 0 7 4 1 2 6 9 )
DO 7 0  N=1,2C 
A N =N
DENI=C2*FLUX
DE N2= C. 226 C79 7* (  (AN/DELTA ) * * 2 )
ANUM3=3.14159*FLUX 
RAT3=*NUM3/ (DENI -DEN2 )
P0WB=C.CC16 7 5 8 5 9 * ( (AN/DELTA)**2)*TIME 
DIFF3=EXPF (-POWB)-A 
SERS=#AT3*PIFF3 
7 0  TOTAL=TOTAL+SERS
R = (P: I *A )+ (RAT2* (1 . -A ) )+TOTAL 
PUNCH 8C ,TIME,R 
8 0  F O R M A T ( F 6 . 1 , 1 C X , F 5 . 2 )
TI ME =T I ME +2 .
I F ( R - R F ) 6 C , 1 C , 1 C
END
0 . 3 . . 8 7  .2h 1 . 1  . 5 3 4  . 493
hS. 3 . . 9 8  . 2 2  1 . 1  . 3 8 3 . 2 8 2
9 0 . 3 . 1 . 0 8  . 2 4  1 . 1  . 2 6 7 . 2 3 4
1 3 5 . 3 . 1 . 3 8  . 1 7  . 9  . 2 3 8 . 191
1 8 0 . 3 . 1 . 6 5  . 1 4  . 8  . 1 7 2 . 0 1 3
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A9.2. Typical Computer Output
C C ASYMPTOTIC BUBBLE GROWTH 11 HEAT CONDUCTION MODEL
SURFACE INCLINATION« C.DEGREES
TIME(M.SEC• )
C.O
2.0
4 . 0
6.0
8 .0
1C.C
12.0
1 4 . C
1 6 . 0
18.0
20 .0
22.0
2 4 . 0
26.0
28 .0
3 0 . 0
32 .0
3 4 . 0
36.0
SURFACE INCLINATION« 45 .DEGREES 
TIME (M.SEC.  ) RADIUS (M.M. '
o . c . 22
2 . 0 . 4 6
4 . 0 . 5 6
6 . 0 . 6 4
8 . 0 . 7 0
1 0 . 0 . 7 4
1 2 . 0 . 7 9
1 4 . C . 8 2
1 6 • 0 . 8 6
1 8 . 0 . 8 8
2 0 . 0 .91
2 2 . 0 . 93
2 4 . 0 . 9 6
2 6 . 0 . 9 8
2 8 . 0 . 9 9
3 0 . C 1 .Of
3 2 . 0 1 . 0 3
3 4 . 0 f . 0 4
3 6 . 0 l . 0 6
3 8 . 0 1 . 0 7
4 0 . 0 1 . 0 8
4 2 . 0 1 . 0 9
4 4 . 0 1 . 1 0
4 6 . 0 1 . 11
RADIUS ( M . M . ) 
. 2 4  
. 4 8  
. 5 9  
.66 
. 7 2  
. 7 7  
. 8 2  
.86 
. 8 9  
. 9 2  
. 95  
. 9 7  
1 .00 
1.02 
1 . 0 4  
1 . 0 6  
1 . 0 7  
I . 0 9  
1 . 10
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SURFACE I NCLINATI0N= 9 0 . DEGREES 
TIME (M.SEC. )  RADIUS (M.M.)
n p . 2 4
2 . 0 . 4 8
h.O . 5 8
6 . 0 . 65
8 . 0 . 7 0
1 0 . 0 . 75
1 2 . 0 . 7 9
1 4 . C . 8 2
1 6 . 0 . 85
1 8 . 0 . 8 8
2 0 . 0 . 9 0
2 2 . 0 . 9 2
2 4 . 0 . 9 4
2 6 . C . 9 6
2 8 . 0 . 9 7
3 0 . 0 . 9 8
3 2 . 0 1 . 0 0
3 4 . 0 1 .01
3 6 . 0 1 . 0 2
3 8 . 0 1 . 0 3
4 0 . C 1 . 0 4
4 2 . 0 1 . 0 4
4 4 . 0 1 . 0 5
4 6 . 0 1 . 0 6
4 8 . 0 1 . 0 6
5 0 . 0 1 . 0 7
5 2 . C 1 . 0 7
5 4 . 0 1 . 0 8
5 6 . 0 1 . 0 8
5 8 . 0 1 . 0 9
6 0 . 0 1 . 0 9
6 2 . C 1 . 0 9
6 4 . C 1 . 1 0
6 6 . 0 1 . 1 0
6 8 . 0 1 . 1 0
JRFACE INCLINATIONS;
ME (M.SEC. ) RAD 11c.c . 1 7
2 . 0 .41
4 . 0 . 5 0
6 . C . 5 7
8 . 0 . 6 2
1 0 . C . 65
1 2 . 0 . 6 9
1 4 . 0 .71
1 6 . 0 . 7 4
1 8 . 0 . 7 6
2 0 . 0 . 7 7
2 2 . 0 . 7 9
2 4 . 0 . 8 0
2 6 . 0 .81
2 8 . C . 8 2
3 0 . 0 . 8 3
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3 2 . 0 . 8 4
3 4 . 0 . 8 5
3 6 .  C . 8 5
3 8 . 0 . 8 6
4 0 . C . 8 6
4 2 . C . 8 7
4 4 . C . 8 7
4 6 . 0 . 8 7
4 8 . 0 . 8 8
5 0 . C . 8 8
5 2 . C . 8 8
5 4 . 0 . 8 9
5 6 . 0 . 8 9
5 8 . 0 . 8 9
6 0 . 0 . 8 9
6 2 . C . 8 9
6 4 . 0 . 9 0
6 6 . 0 . 9 0
6 8 . C . 9 0
7 0 . 0 . 9 0
IRFACE INOLI NATI 0N=1 8 0 . DEGREI
HE ( H . S E C . ) RADIUS ( M . M . )c.c . 1 4
2 . 0 . 3 8
4 . 0 . 4 7
6 . 0 . 5 2
8 . C . 5 7
1 C .C . 6 0
Ì 2 .  C . 6 3
1 4 . 0 . 6 5
1 6 . 0 . 6 7
1 8 . 0 . 6 9
2 0 . C . 7 0
2 2 . C . 71
2 L . C . 7 2
2 6 . 0 . 7 3
2 8 . 0 . 7 4
3 0 . C . 7 5
3 2 . 0 . 7 5
3 4 . 0 . 7 6
3 6 . C . 7 7
3 8 . C . 7 7
4 0 . 0 . 7 8
4 2 . 0 . 7 8
4 4 . C . 7 9
4 6 . 0 . 7 9
4 8 . 0 . 8 0
F C . C . 8 0
5 2 . C . 8 0
Heated Ribbon
t _ ±
FIG.AIO I Heated Ribbon with
Araldite Support.
Upper
Face_ ^  |
Direction of 
Heat Flow
»
Ab
b Lower ^  
Face
FIG.AI02 An Element of the
Heated Ribbon.
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CALCULATION OF THE BOILING SURFACE TEMPERATURE
APPENDIX 10
For the heated ribbon of Figure A10.1, consider 
an element of thickness Ab, and having an area A perpen­
dicular to the direction of heat flow.
Let q be the heat source strength, with units 
of (watts/cm3).
Assume one dimensional heat conduction from the 
insulated face of the ribbon through to the boiling sur­
face, with internal heat generation. This assumption 
is checked in Appendix 11 where it is shown that the 
maximum heat loss into the araldite is only 0.09% of the 
total heat dissipated.
A heat balance on the element of Figure A10.2, 
for a time interval At, gives:
Heat input through the lower face, plus the heat 
generated in the element, equals the heat output through 
the upper face.
Thus
-  k  A n At + q(AAb)Atdt. b k A n
dT |
db |b+Ab At
•  •  •  • (A10.1)
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From the mean value theorem, if Ab is small,
dT
db b+Ab
dT . d /dT
db b db \db Abb
....(A10.2)
Then
. A dT k A -rr- n db A t + q (AAb) At = - k AAtn V db b
d ^
db2
Ab
....(A10.3)
On simplifying
q kn
d 2T 
db 2
(A10.4)
Equation (A10.4) can be solved by integrating, 
and substituting the boundary condition
dT
db o if b = o
i.e. t h e  r i b b o n  f a c e  f o r  b = o  i s  t h e r m a l l y  i n s u l a t e d .  
T h e r e f o r e
= _ q u
k n
dT
db b •  •  •  • (A10.5)
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Again/ upon integration and substitution of the 
boundary condition
T = T. if b = ol
Equation (AIO.5) becomes
T = Ti - 2j2- ___ (AIO.6)
The temperature of the boiling surface is
T = T when b = l w
Then
T = T. w 1 ... (AIO. 7)
Nowf the heat flux from the boiling surface 
can be written
Yw ? ___  (AIO.8)
or
<P Z
T = T. - ___ (AIO.9)
W 1 2 k n
Equation (AIO.9) allows the boiling surface tem­
perature to be calculated from the temperature of the 
insulated face of the heated ribbon. This temperature
169
correction is incorporated in the computer programme 
of Appendix 12 to enable the boiling surface excess 
temperature to be determined from the thermocouple 
temperature.
O O I O  I O  O O
O
O
O
FIG.AH I Temperature Distribution through 
the Araldite Support.
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APPENDIX 11
CALCULATION OF HEAT LOSS 
THROUGH THE ARALDITE SUPPORT
Heat conduction from the heated ribbon, through 
the araldite to the distilled water involves the solution 
of a two dimensional heat conduction problem, A relaxa­
tion technique has been used to determine the temperature 
distribution within the araldite. The temperature distri­
bution is illustrated in Figure All.l. by the fraction of 
the boiling surface excess temperature.
Heat loss through the araldite of length L, is 
given by the relation
q = I kaAxL —  + Z kQAyL --- (All.l)
For the araldite support of dimensions 20 mm x 10 mm 
x 50.8 mm, thermal conductivity of 0.0019 w/cm°C, Reference 
69, and the calculated temperature distribution of Figure 
All.l, Equation (All.l) becomes:
q = 0.01245 T J (watts) ....(All.2)
The maximum heat loss occurs for the test involving 
the maximum boiling surface excess temperature. For the 
maximum excess temperature of 15.7°C considered, the
171 -
corresponding heat flux is 65.2 watts/cm2, test Cl, 
Section A16.3. Therefore the heat loss through the 
araldite is 0.195 watts and the percentage of heat lost 
is 0.09%.
Since the heat loss through the araldite is 
. dTsmall, the assumption that = o when b = o of Appendix 
10 is valid.
r>
 o
 o
 o
 o
 o
 o
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APPENDIX 12
CALCULATION OF THE LEAST-SQUARES LINE OF BEST FIT
A12.1. Computer Programme Listing (Fargo S*)
C LEAST SQUARES POLYNOMIAL OF BEST F IT .
MAX. ORDER -8  MAX. DATA POINTS -60  
READ ORDER, NO.OF DATA POINTS, MODE 
MODE =C POOL BOILING =1 LEAST SOUARES 
MODE*—1 LOG-LOG LEAST SQUARES
MODERO READ VOLTS ,AMPS .THERMOCOUPLE TEMPERATURE.
MODERI OR -1 READ ABSCISSA, ORDINATE.
DIMENSION X ( 6 0 ,8 ) ,Y (6C),Z (6 0 ) ,A (8 ,1 6 )
S *0 .0
100  READ,NP.MP,MOPE 
PUNCH110 
110 FORM AT(///)
IF (MODE >11*2,130,120 
120 DO 125 I -1 ,MP 
125 READ,2 (I ) , Y (I )
GO TO 150 
130 DO 140 1 *1 ,MP 
READ,V,C,T 
Y (I )-LO G F(V*C /3.23)
11*0 Z (I )*LOGF (T-C .C ll*68*V*C-10C. )
GO TO 150 
11*2 DO 11*5 l-1 ,M P  
READ.Z (I >, Y (I )
2 (I )*LOGF(Z (I ) )
11*5 Y (I )=*.OGF(Y(l ) )
150 NPI=*JP+1 
FMP^IP
DO 1 60 I *1 ,MP 
SX=1 .0
DO 160 J - l.N P I  
X (I,J )= S X  
160 $X=6 X*Z (I )
DO 180  I *1 ,NPI 
DO 180 J*1 ,NPI 
SUM-0 .0  
DO 170 K-1.MP 
170 SUM^UM+X (K, I )*X (K, J )
180 A ( l , J ) * 6 UM
DO 2CO I-1 .N P I 
SUM-0.C 
DO 190 K-l ,MP 
190 SUM=6 UM+X (K, I )*Y (K)
200 A(I,NP+2)*«UM  
N^IPI  
CALL SOL 
IF (S >300,100,300  
300 IF (MODE >310,330,310
310 PUNCH 320 , , , ,,
320 FORMAT (U8HABSC ISSA ORDINATE ORDI NATE (BEST FIT ) / / )
TOT-0 .0
IF (MODE >360,360,1*00 
3 3 O PUNCH 31*0
31*0 FORMAT (39HTEMP. HEAT FLUX HEAT FLUX (BEST FIT ) >
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350 FORMAT (28HDEG C. W/CM.CM. W /C M .C M .//) 
TOTaC C
360 DO 380 M»1,MP 
ADD-C.C 
DO 37C L=1,NPI 
LI
370 ADD = (A (L ,N P +2)*(Z  (M )**L I ))-»ADD 
Y (M )= 2 .7 !8 2 8 **Y (M )
Z (M )^ .7 1 8 2 8 **Z  (M)
ADD» 2 .7 1 828**ADD 
TOT-TOThABSF (ADD-Y (M) )/ADD 
380 PUNCH 3 9 0 ,Z (M),Y(M),ADD  
390 FORMAT(F5.1 ,4 X ,F 5 . 1 , 7X ,F 5 .1 )
GO TO 440  
400 DO 420 M-1 ,MP 
ADD-C.C 
DO 410 L -1 .N P I 
LI =»L- 1
410 A D D » *(L ,N P + 2 )*(Z lM )**L I )-*ADD 
TOT=>TOT-tABSF ( (ADD-Y (M))/ADD )
420 PUNCH 43C.Z (M),Y(M),ADD
430 FORMAT (FI 0 .3 ,4 X ,F 1  C .3,6X ,F1 C.3 )
440 TOT»1 CC.*TOT/FMP 
PUNCH 4 5 0 ,TOT
450 FORMAT (15HMEAN DEVIATI 0N=^6.2,X,8HPER CENT) 
PUNCH 460
460 F0RMAT(13HC0EFFICIENTS=)
DO 470 L-1,NP!
470 PUNCH,A(L,NP+2)
GO TO IOC 
SUBROUTINE SOL 
500 N 1=^+1 
N2=fl+2 
NIL=4J+1 
s =1 .0  
NG^ - 1
D06CC K=*1,NG 
BIG^BSF (A (K ,K ))
LL*K
DO 520 L^C,NG
IF (BIG-ABSF (A (L + 1 ,K ))>510,520,520  
510 BIG=*BSF (A (L+1, K) )
LL^.+1
520 CONTINUE
IF (BIG )55C ,530,550  
530  S-O.C
PUNCH 540 . . .
540 FORMAT(/30HC0EFFICIENT MATRIX IS SINGULAR//) 
GO TO 63C
5 5 O IF (K -LL>5 6 0 , 5 8 0 ,5 6 0  
5 6 O S— S
DO 570 KK=1,NIL 
STORED (K,KK)
A(K.KlOWk (LL.KK)
5 7 O A (LL,KK)^TORE  
5 8 O Kl L^C+1
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DO 590 l-K IL ,N  
DO 5 9 O J -K IL .N IL
590 A ( I , J M  ( I , j } - A  (I ,K>*A IK, J )/A  (K ,K ) 
600 CONTINUE
DO 620 l - l , N  
DO 620 J -1 ,N  
IF ( I - J  >620 ,620 ,610  
610 A ( I , J >-C.C  
620 CONTINUE 
6 3 O CONTINUE
IF (S >700,61*0,700  
61*0 RETURN
7 CO A (N,N+1 )=* (N,N+1 >/A (N,N>
NN-41-1
DO 720 I I = 1 ,NN 
I =41-11 
I PI »I +1 
SUM- 0 .0
DO 710 M -l PI ,N 
710 SUM»6UM-+A (I ,M>*A (M,N+1 >
720 A ( I ,N+1 )=(A I I  ,N+1 J-SUM>/A ( l , I > 
RETURN
END
1 11 0
1*. 25 1*7. I I 8 . 6
1*. 1*3.5 11 7 .8
3 .6 1*0. 11 6 .6
3 .5 3 7 . 116.1*
3 .1 31*. 1 1 5 . 6
3 . 3 1 .5 1 1 4 .9
2 .6 2 7 .5 113.5
2 .5 2 5 . 113 .4
2 .2 2 2 . 1 1 2 .6
1 .8 19 . 112.5
1 .6 1*t.5 111 .2
2 7 1
0 . 5 .7 5
3 0 . 5.1*9
6 0 . 5 .2 5
9 0 . 5 .3
120 . 3.91*
ISO . 2 .9 6
18 0 . 2 .2 8
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A12.2. Typical Computer Output
c c LEAST SQUARES POLYNOMIAL OF
TEMP. HEAT FLUX HEAT FLUX (BEST
DEG C . W/CM.CM. W/CM.CM.
15.7 61 .8 65.2
15.2 53.9 55.7
lit.5 itL.6 Li .5
lit .5 LO.l Ll .7
Ht.1 32.6 3L.9
13.5 29.3 27.8
12.5 22.1 17.L
12.5 19.3 17.6
11.9 15.0 13.312.0 10.6 IL.C
10.9 7.2 7.9
BEST F IT
F I T )
MEAN DEVIATION- 1C .A3 PER CENT 
COEFFICIENTS- 
-1 .1 656E+C1 
5 .75LL
ABSCISSA ORDINATE ORDINATE (BEST F I T )
c .c o c 5 . 7 5 c 5.7C 9
3 0 . coo 5 .L 90 5 .623
6 0 .0 0 0 5 . 2 5 0 5.331
9 0 .0 0 0 5 .3 0 0 L .835
120 .000 3.9LO L . 1 3 3
1 5 0 . 0 0 0 2 .9 6 0 3 .2 2 6
1 8 0 .0 0 0 2 .2 8 0 2 .113
MEAN DEVIATI ON» 5.00PER CENT
COEFFICIENTS-
5 .7 0 9 0  
5 .L 7 6 IE-CL  
- I  .1L02E-CL
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APPENDIX 13
CRITICAL HEAT FLUX OBSERVATIONS
Although the maximum heat flux was not recorded 
during the heat transfer experiments, a number of observa­
tions were made to note the variation of the maximum 
boiling surface temperature with boiling surface inclina­
tion.
While conducting the tests at constant heat flux, 
burnout occurred on several occasions when the boiling 
surface was rotated from upward facing to downward facing. 
The onset of burnout proved troublesome because the entire 
test had to be repeated. The tests were conducted such 
that heat flux was the same for all inclinations and, in 
addition, the boiling surface temperature decreased for 
increasing 6, Appendix 16.1. and 16.2. Therefore, the 
maximum boiling surface temperature is considerably less 
for downward facing orientations than can be maintained 
with upward facing orientations.
Similarly, when conducting the boiling curve 
tests, burnout occurred for the 0 = 180° inclination at 
heat fluxes and boiling surface temperatures below the 
values available for other inclinations.
It is apparent,therefore, that vapour blanketing 
of downward facing boiling surfaces reduces the maximum 
boiling surface temperature and heat flux which can be 
maintained.
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W h i l e  c o n d u c t i n g  c o n s t a n t  t e m p e r a t u r e  a n d  
c o n s t a n t  h e a t  f l u x  t e s t s  f o r  e a c h  i n c l i n a t i o n , i t  b e c a m e  
n e c e s s a r y  t o  f i r s t  e s t a b l i s h  v i s u a l l y  t h e  maxim um  b o i l i n g  
s u r f a c e  t e m p e r a t u r e  w h i c h  c o u l d  b e  m a i n t a i n e d  f o r  6 = 1 8 0 ° .  
T h e t e s t s  w e r e  t h e n  c o n d u c t e d  f o r  t h a t  p a r t i c u l a r  h e a t  
f l u x  o r  b o i l i n g  s u r f a c e  t e m p e r a t u r e  u s i n g  e a c h  i n c l i n a t i o n  
r e q u i r e d .
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APPENDIX 14
BOILING SURFACE TEMPERATURE FLUCTUATIONS
It was anticipated that the temperature of the 
boiling surface could be measured simultaneously with 
rates of vapour bubble growth to obtain a better under­
standing of the heat transfer mechanisms for each inclina­
tion« The heated ribbon thermocouple output was amplified 
with a Dymec model 2460A linear amplifier and connected to 
both a Tektronix type 565 dual beam oscilloscope and Visi- 
graph PRP-101 ultraviolet recorder« The temperature resolu­
tion of 0«3°C and galvanometer frequency response of 1600 Hz 
were considered adequate for the application.
The temperature fluctuations of the boiling sur­
face as noted in Reference 11 could not be detected with 
the equipment used. It was decided the heated ribbon was 
of sufficient thickness, 0.15 mm, to dampen out the tem­
perature fluctuations so they could not be detected on the 
insulated face. Because of the problems envisaged in 
attempting to obtain reliable temperature measurements of 
the boiling surface at the nucléation cavity, while the high 
speed photography tests were being conducted, no attempt 
was made to measure the surface temperature fluctuations.
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FINITE ELEMENT COMPUTER PROGRAMME 
FOR BUBBLE GROWTH
APPENDIX 15
A finite element computer programme has been 
developed at the Australian Atomic Energy Commission to 
establish the growth of vapour bubbles on a horizontal 
upward facing boiling surface in subcooled nucleate 
boiling, References 70 and 71. Dr. T.B. Guy has modified 
the programme to enable bubble growth to be calculated 
for horizontal boiling surfaces with upward and downward 
facing orientations.
The programme was run on an I.B.M. 360/50 com­
puter for boiling water at 90°C using both upward and 
downward facing boiling surfaces. Each programme required 
two hours computing to predict the first 1.55 milli-seconds 
of bubble growth and after this time duration, no notice­
able variation could be observed in growth rates. From 
the data of Appendix 16.7.3. it is noted that the major 
variations in growth rates occur further into the growth 
cycle. The growth variations observed in the experiments 
may have become apparent in the finite element computer 
programme if additional computing time had been available.
The computer results did indicate, however, 
Reference 72, that convection was responsible for the 
improvement in heat exchange for downward facing boiling 
surfaces.
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APPENDIX 16
EXPERIMENTAL DATA
A16.1. Constant Heat Flux Tests
600 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heater*s voltage = 140 volts.
Test numbers = Al, A2, A3.
Graphed in Figure 6.1.
Atmospheric temperature = 22°C 
Atmospheric pressure = 771.65 mm Hg.
Boiling
Surface
Inclination
Boiling Surface Excess Temperature 
t ' (°C)
4 = 8.87 
watts/cm 2
<f> = 17.6 
watts/cm 2
(f> = 40.5 
watts/cm2
0 13.6 16.1 17.4
30 13.2 15.3 16.9
60 12.8 13.1 16.5
90 8.7 10.7 16.4
12 0 7.9 10.2 14.8
150 6.4 9.4 14.3
180 3.8 5.0 12.8
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For
For 4>
For (p
A16.2
First order line of best fits
= 8.87 watts/cm2
t ' = 14.6 - 0.057 6
Mean deviation = 7.39%
= 17.6 watts/ctfi2
T/ = 16.5 - 0.0571 0
Mean deviation = 7.92%
= 40.5 watts/cm2
t ' = 17.8 - 0.0246 6
Mean deviation = 2.21%
. Constant Heat Flux Tests with Convection Housing
240 grit surface preparation.
Convection housing around boiling surface.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test numbers = Blf B2, B3.
Data is graphed in Figure 6.2.
Atmospheric temperature = 19°C.
Atmospheric pressure = 766.15 mm Hg.
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Boiling
Surface
Inclination
Boiling Surface Excess Temperature 
T (°C)
<J> = 10.95 
watts/cm 2 $ * 14.3 watts/cm 2
<j> = 23.4 
watts/cm 2
0 9.9 10.0 12.0
30 9.6 9.9 11.0
60 8.8 9.1 9.7
90 7.6 8.4 9.0
120 7. 3 7.7 8.6
150 6.1 7.1 8.4
180 5.4 6.2 8.2
First order line of best fit: 
For <p = 10.95 watts/cm2
t ' = 10.2 - 0.0262 0
Mean deviation = 1.8%
For <p = 14.3 watts/cm2
t ' = 10.3 - 0.0219 6
Mean deviation = 1.3%
For 4> = 2 3.4 watts/cm2
t ' = 11.4 - 0.0211 6
Mean deviation = 3.6%
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Boiling surface inclination, 0 = 0°.
240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = Cl.
Atmospheric temperature = 23.6°C.
Atmospheric pressure = 766.15 mm Hg.
A16.3«Boiling Curve Data
Boiling Surface 
Excess Temperature 
t ' (°C)
Heat Flux
4>(watts/cm )
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
15.7 61.8 65.2
15.2 53.9 55.7
14.5 44.6 41.5
14.5 40.1 41.7
14.1 32.6 34.9
13.5 29.3 27.8
12.5 22.1 17.4
12.5 19.3 17.4
11.9 15.0 13.3
12.0 10.6 14.0
10.9 7.2 7.9
First order line of best fit on log-log axes:
, - 6  /  5 .  7 5 »»<P = 8.667 x 10 (T )
Mean deviation = 10.4%
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C2.
Atmospheric temperature = 25.5°C.
Atmospheric pressure = 763.7 mm Hg.
Boiling surface inclination, 0 = 30°.
Boiling Surface 
Excess Temperature 
T' (°C)
Heat Flux
4>(watts/cm 2)
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
15.3 69.7 77.4
14.8 62.6 65.4
14.0 54.5 47.9
14.1 49.5 48.6
13.6 41.2 41.4
13.2 35.8 34.5
12.1 29.7 21.3
12. 3 22.7 23.7
11.8 17.1 18.5
11.7 14.3 17.9
10.8 11.1 11.3
First order line of best fit on log-log axes:
$ = 2.399 x 10-5 (t ')5'1'95
Mean deviation = 9.8%.
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C3.
Atmospheric temperature = 28.6°C.
Atmospheric pressure = 757.85 mm Hg.
Boiling surface inclination, 6 = 60°.
Boiling Surface 
Excess Temperature 
T / (°C)
Heat Flux
<J>(watts/cm 2)
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
15.1 68.1 72.0
14.5 58.4 57.4
14.3 47.9 54.3
13.9 42.1 46.4
12.5 37.2 26.9
12.9 32.5 30.8
12.5 25.9 26.8
11.9 21.7 20.7
11.1 16.3 14.4
10.7 12.9 11.6
10.7 9.2 11.5
9.9 6.9 7.9
First order line of best fit on log-log axes:
<(> = 4.601 x 10-5 (t ') 5 * 25 2
Mean deviation = 11.3%.
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C4.
Atmospheric temperature =27.3 °C.
Atmospheric pressure = 761.15 mm Hg.
Boiling surface inclination, 0 = 90°.
Boiling Surface 
Excess Temperature 
t ' (°C)
Heat Flux
<J>(watts/cm 2)
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
13.2 63.5 56.1
12.9 56.7 50.0
12.4 49.0 40.0
12.3 43.2 37.9
12.1 37.6 35.7
12.2 31.4 37.2
11.4 25.0 26.1
11.4 20.8 26.0
11.0 16.3 21.7
10.4 12.9 15.8
9. 3 9.4 8.6
8.4 6.4 5.3
First order line of best fit on log-log axes:
<p = 6.501 x 10~5 (T') 5 # 2"
Mean deviation = 15.3%
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C5.
Atmospheric temperature = 26.7°C.
Atmospheric pressure = 763.7 mm Hg.
Boiling surface inclination, 0 = 120°.
Boiling Surface 
Excess Temperature 
t ' (°C)
Heat Flux 
(watts/cm 2)
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
13.1 60.9 67.6
12.2 52.9 50.7
11.7 46.8 43.6
11.7 40.4 42.9
10.6 34.1 29.0
9. 8 28.6 21.8
9.9 21. 3 22.2
9.5 15.6 18.7
9.0 12.1 15.2
7.5 7.9 7.6
6.9 5.6 5.5
First order line of best fit on log-log axes: 
<t> = 2.646 x 10~3(t ') 3*9"3
Mean deviation = 11.3%
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C6.
Atmospheric temperature = 28.2°C.
Atmospheric pressure = 765.3 mm Hg.
Boiling surface inclination, 0 = 150°.
Boiling Surface 
Excess Temperature 
t ' (°C)
Heat Flux 
(watts/cm 2)
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
13.0 61.9 50.3
12.5 53.8 45.7
12.1 47.7 41.4
11.3 40.6 34.0
11.3 34.8 34.0
10.9 30.3 29.8
10.2 25.4 24.8
10.2 19.1 24.7
9.2 15.2 18.1
9.1 11.3 17.5
7.6 9.9 10.5
7.4 7.6 9.8
6.4 6.4 6.4
5.2 4.0 3.4
4.7 3.1 2.4
First order line of best fit on log-log axes:
<f> = 2.585 x 10" 2 (t ') 2,956
Mean deviation = 15.5%.
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240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = C7.
Atmospheric temperature = 30°C.
Atmospheric pressure = 761.6 mm Hg.
Boiling surface inclination, 6 = 180°.
Boiling Surface 
Excess Temperature 
T7 (°C)
Heat Flux
<t> ?(watts/cm )
Heat Flux from 
Line of Best Fit 
(watts/cm 2)
9.5 37.4 33.0
9.4 34.4 31.8
9.2 30.3 30.2
9.1 27.6 29.7
8.6 20.3 26.4
7.5 17.2 19.0
7.0 15.2 16.3
6.1 12.8 11.9
5.1 10.2 8.0
4.5 8.6 6.0
4.5 5.8 6.1
3.8 3.7 4.1
3.1 2.1 2.6
First order line of best fit in a log-log axes:
(j) = 0.X945 (t ') 2,278
Mean deviation = 14%.
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A16.4, Incipience Temperature Tests
Nucléation frequency = 2 sec” 1
Diameter of artificial nucléation cavity = 0,36 mm 
600 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = D1
Atmospheric temperature = 24°C
Atmospheric pressure = 766.7 mm Hg.
Boiling Surface 
Inclination 
0 (degrees)
Boiling Surface 
Temperature 
(°C)
0 102.1
30 101.8
60 101.4
90 101.2
120 100.9
150 100.8
191
A16.5. Nucléation Site Density Tests
A16.5. 1. Constant Heat Flux
600 grit surface preparation.
Heat flux = 7.44 watts/cm2.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = El.
Atmospheric temperature = 23°C.
Atmospheric pressure = 754.9 mm Hg.
Boiling Surface 
Inclination 
0 (degrees)
Boiling Surface 
Temperature 
(°C)
Nucléation Site 
Density^ 
n (cm z)
0 113. 3 11.8
30 110.9 11.8
60 109.5 11.8
75 108.5 11.8
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A16.5.2. Constant Boiling Surface Inclination 
240 grit surface preparation.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test numbers = El, E2, E3.
Atmospheric temperature = 21°C.
Atmospheric pressure = 761.3 mm Hg.
Boiling Surface 
Inclination 
0 (degrees)
Heat Flux
4> ,(watts/cm )
Nucleation Site 
Density 
n (cm” )
0 9.48 12.7
7.44 11.2
5.85 9.64
4.45 7.77
3.1 4.66
30 9.52 12.7
7.54 11.5
5.77 9.95
4.45 7.77
3.1 4.97
60 9.52 12.4
7.24 11.2
5.5 9.32
4.45 8.4
2.88 5.29
First order line of best fit on log-log axes for combined data 
<p = 0.154 n1* 61 , mean deviation = 4.3%
- 193 -
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test numbers = E4, E5, E6, E7.
Atmospheric temperature = 24°C.
Atmospheric pressure = 765.5 mm Hg.
600 grit surface preparation.
Boiling Surface 
Inclination 
0 (degrees)
Heat Flux
4>(watts/cm2)
Nucleation Site 
Density 
n (cm-2)
0 17.0 14.3
12.7 12.7
9.27 10.9
6.5 8.4
4.27 5.6
30 17.0 14.6
12.7 13.0
9.31 10.6
6.5 8.1
4.91 6.8
60 17.0 14.3
12.7 13.0
9.14 10.6
6.5 8.1
4.91 6.5
75 12.7 12.4
9.27 10.6
6.5 8.1
4.91 6.5
F i r s t  o r d e r  l i n e  o f  b e s t  f i t  on l o g - l o g  a x e s  f o r  com b in ed  d a t a  
<f> = 0.26 n1 * 5 mean distribution = 4.8%
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Boiling surface temperature = 108.3°C.
240 grit surface finish.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters voltage = 140 volts.
Test number = FI.
Atmospheric temperature = 18°C.
Atmospheric pressure = 763.9 mm Hg.
A16.6. Liquid Temperature Profiles
Boiling 
Surface 
Inclination 
6 (degrees)
Heat Flux 
(watts/cm 2)
Distance from Boiling Surface 
(mm)
0 1.0 2.0 4.8 6.4
0 12.7 108. 3 102.0 101.1 100.5 100.1
90 16.6 108. 3 101.4 100.7 100.3 100.0
180 18.6 108.3 100.7 100.3 100.1 100.0
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The thermal data of Appendix 16.7.1. is applicable 
for all tests involving high speed cinematography.
A16.7. 1. Thermal Data
Boiling surface temperature = 103°C.
Diameter of artificial nucleation cavity = 0.36 mm. 
600 grit surface finish.
Bulk liquid temperature of distilled water = 100°C. 
Immersion heaters off.
Test numbers = Gl, G2, G3, G4, G5.
Atmospheric temperature = 22°C.
Atmospheric pressure = 758.5 mm Hg.
A16.7. High Speed Photography Data
Boiling Surface 
Inclination 
0 (degrees)
Heat Flux 
(watts/cm )
0 0.87
45 0.98
90 1.08
135 1. 38
180 1.65
A16.7.2. Bubble Life Cycle Data
This data is the mean of all data collected from 
the high speed films, for a number of vapour bubbles at 
each boiling surface inclination.
Boiling 
Surface 
Inclination 
6 (degrees)
Waiting
Period
(milli-secs)
Growth
Period
(milli-secs)
Initial
Radius
(mm)
Departure
Radius
(mm)
0 < 0.4 41.7 0.22 1.36
45 < 0.4 39.7 0.22 1.27
90 0.6 26.8 0.19 0.99
135 8.4 57.8 0.12 0.97
180 13.6 > 100.0 — —
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The following data was collected from the high 
speed film and represents the growth of a bubble which was 
considered typical for the particular boiling surface in­
clination.
A16.7.3. Asymptotic Bubble Growth
Boiling Surface Inclination
e = 0° 6 = 45°
Time
(milli-secs)
Radius
(mm)
Time
(milli-secs)
Radius
(mm)
0.0 0.24 0.0 0.22
0.4 0.29 0.4 0.29
0.9 0.35 1*3 0.38
1.7 0.40 1.7 0.41
2.1 0.45 2.5 0.47
3.0 0.51 3.3 0.52
4. 3 0.57 4.6 0.58
5.1 0.62 5.4 0.61
6.4 0.67 6.3 0.64
8.1 0.72 7.1 0.69
10.3 0.75 10.5 0.74
11.1 0.81 11.3 0.77
12.8 0.85 13.0 0.83
13.7 0.86 16.3 0.88
15.4 0.92 17.2 0.91
18. 8 0.97 18.8 0.95
20.5 1.02 23.8 1.00
24.8 1.09 28.0 1.06
28.2 1.15 32.2 1.12
33. 3 1.22 34.7 1.16
35.9 1.27 39.7 1.20
41.0 1.33 42.3 1.23
44.4 1.38 43.9 1.24
46.2 1.39
47.0 1.39
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Boiling Surface Inclination
0 « 90° e = 135°
Time
(milli-secs)
Radius
(mm)
Time
(milli-secs)
Radius
(mm)
0.0 0.24 0.0 0.17
0.4 0.29 0.4 0.2
0.9 0.35 1.3 0.24
1.3 0.39 2.2 0.28
2.1 0.44 3.0 0.32
3.0 0.51 3.9 0.35
4.3 0.54 5.2 0.39
5.1 0.59 6.5 0.43
6. 8 0.64 8.3 0.46
7.7 0.68 10.0 0.51
8.5 0.73 11.7 0.52
10.2 0.74 13.5 0.55
12.8 0.80 16.1 0.58
14.5 0.85 19.6 0.61
17.9 0.89 22.2 0.65
19.6 0.94 24.8 0.67
22.1 0.97 27.4 0.70
23.8 0.98 29.1 0.71
46.1 0.86
47.8 0.89
52.2 0.92
54.8 0.94
57.4 0.97
60.0 0.98
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Boiling Surface Inclination, 0 = 180°
Time
(milli-secs)
Radius
(mm)
0.0 0.14
2.8 0.31
8.4 0.46
14.0 0.55
25.1 0.64
36.3 0.74
47.5 0.84
58.7 0.95
67.0 0.98
00 • to 1.07
89.4 1.14
100.6 1.19
111.7 1.24
A16.7.4. Bubble Area Factors K x and K 2
Boiling Surface 
Inclination 
0 (degrees)
Area Facte 
Ki
>rs, Equation (4.38 
K 2
(mm"1 )
0 0.534 0.493
45 0.383 0.282
90 0.267 0.234
135 0.238 0.191
180 0.172 0.013
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A16.7.5. Bubble Shape Factor
Time
(milli-secs) CD II O o
Shape Factor, S 
0 = 90° 0 = 180°
0 3.0 1.55 1 . 0
2 1.36 1 . 0 1.05
4 1.19 1 . 0 1.09
6 1.1 1 . 0 1.12
8 1.04 1.02 1.15
10 1.04 1.02 1.17
12 1.04 1.04 1.17
14 1.05 1.04 1.18
16 1.05 1.04 1.17
18 1.04 1.04 1.17
20 1 . 0 1.05 1.18
22 0.93 1.05 1.2
24 0.88 1.05 1.21
26 0.86 1.22
28 0.86 1.22
30 0.81
32 0.8
34 0.8
36 0.8
A16.7.6. Bubble Contact Angles
Boiling Surface 
Inclination 
0 (degrees)
Contact Angle 
3 (degrees)
Upper Lower
0 oo 4* o o
45 34° 75°
90 13° 79°
135 17° 75°
180 31° or—1CO
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A16.7.7. Neck Contraction after Departure
Time increment is 0.4 milli-seconds.
Boiling Surface 
Inclination 
0 (degrees)
Contraction of 
Vapour Neck 
(mm)
0 0.42
45 0.42
90 0.31
135 0.2 7
180 0
A16.7.8. Bubble Departure Correlation
Boiling Surface 
Inclination 
0 (degrees) f Db
0 65.8
45 60.5
90 73.0
135 32.8
180 0
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APPENDIX 17 
HIGH SPEED CINE FILM
A 30 metre length of film has been included with 
the thesis to indicate the vapour bubble growth cycle 
described in Section 8. This film was made of short 
lengths showing boiling for each surface inclination.
The bubbles shown do not represent the exact bubbles used 
in the analysis of Section 8.
All relevant data for the film may be obtained 
from Appendix A16.7.
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APPENDIX 18 
PUBLICATIONS
During the course of this research, the following 
papers have been accepted for publication,
"The Dynamics of Vapour Bubbles attached to 
Inclined Heated Surfaces in a Flow Medium". The Fifth 
Australasian Conference on Hydraulics and Fluid Mechanics. 
University of Canterbury, Christchurch, New Zealand,
December, 1974,
"A Study of the Rates of Heat Transfer and Bubble 
Site Density for Nucleate Boiling on an Inclined Heating 
Surface". Wollongong University College. Bulletin No. 38.
"Closing the University-Industry-Community Gap 
through Conceptual Design in First Year Engineering Courses". 
1975 Annual Engineering Conference. Hobart, Tasmania, 
February, 1975.
"Student Design Contest". Machine Design. July 25th,
1974.
The following paper was being reviewed at the time 
of writing this thesis.
"Nucleate Pool Boiling of Water from an Inclined 
Heating Surface". Journal of Heat Transfer, American Society 
of Mechanical Engineers.
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A further paper is being written on Engineering 
Education, and will be submitted to the International 
Journal of Mechanical Engineering Education,
